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Rocky intertidal communities support a high biodiversity. However, they are also 
easily affected by disturbances, especially human induced disturbances like marine 
pollution. The recovery process would be very long even after abatement actions have 
been taken. Also, the outcome of this recovery process cannot be readily predictable. 
Marine environments in Hong Kong are seriously exposed to pollution problems. The 
rocky intertidal areas along Victoria Harbour have been suffering from marine 
pollution impacts for a long time. Recently, the Hong Kong Government has 
implemented the Harbour Area Treatment Scheme (HATS) aimed at improving the 
water quality of Victoria Harbour. While water quality of this Harbour was reported to 
have improved after the scheme, whether the natural rocky shores along the Harbour 
have recovered from the pollution impact remain unclear. Responses of rocky 
intertidal community assemblages, as well as those of some particular intertidal 
species, i.e. the barnacle Tetraclitra japonica’ in the light of HATS, were the main 
focuses of the present study. 
From June 2004 to May 2007, the community assemblages of six selected rocky 




natural shores were Peng Chau, Green Island, Causeway Bay, Hoi Xum Park, Heng 
Fa Chuen and Tung Lung Chau. Results showed that Hoi Xum Park was completely 
different from the other five sites with the lowest diversity index (H' = 0.36 士 0.40). 
In contrast, the diversity indices of the other sites ranged from 2.13 士 0.37 to 2.25 士 
0.21. During the study period, only 11 species were recorded in Hoi Sum Park. This 
was far lower than that in the other shores (number of species ranged from 32 to 38). 
In addition, the community structure of Hoi Xum Park was only 25% similar to that of 
the other sites. This high dissimilarity was caused by high coverage of the barnacle 
Balanus amphitrite and cyanobacteria Chroococcus sp., and the absence of the limpet 
Petalloida sacchahna in Hoi Xum Park. Except for Hoi Xum Park, a decreasing 
similarity of the community assemblages was also observed from west to east (from 
about 85% to 70% similarity) along the Victoria Harbour, with Tung Lung Chau in the 
east being least similar with Peng Chau in the west. The community structural 
differences between sites were found to be related to the gradients of total phosphorus 
level along the six rocky shores, resulting in a shift in their algal compositions that, 
with a bottom up effect, eventually altered their whole community structure. Recovery 
has not taken place in most of the sampling sites after the cessation of pollution input 
into the Victoria Harbour. However, a weak sign of recovery was recorded in Tung 
Lung Chau. Temporal increase of relative abundance of the brown pseudo-perennial 
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algae Sargassum hemiphyllum by 10% and 20% decrease of grazer numbers were 
observed, suggesting that the water quality in this particular site was improving, and 
was better than those of the other sites. The location of this site and the direction of 
seasonal water currents in Victoria Harbour could have contributed to the sign of 
recovery observed. 
The physiological or ecological changes of some particular species of marine 
organisms may provide an indication of the water quality of its habitat. In order to test 
whether the locally common barnacle T. japonica is a good environmental indicator, 
its population dynamics and reproductive biology were examined. Starting from 
August 2005, a 14-month monitoring was conducted on samples collected from five 
of the six sites within the Victoria Harbour, as no T. japonica was found in Hoi Xum 
Park. On the other hand, samples from Hoi Ha Wan, a site away from Victoria 
Harbour, were also collected to serve as additional control. 
Oocytes of the samples collected were examined, their size and density were 
measured. Both the oocytes size and density were found to vary among sites. Samples 
from Green Island brooded the largest oocytes (70.50 土 12.49 i^m) and with the 




observed in Hoi Ha Wan samples (57.57 士 18.86 |jm) and the lowest mean oocyte 
density was observed in Peng Chau samples (64.20 士 38.63 eggs per mm^). There was 
a decreasing trend of egg diameter across the sampling sites from west to east of the 
Victoria Harbour. Such phenomenon was closely associated with the water quality 
variations (silica level) of the sampling sites, which may alter the plankton community 
structure and thus the effectiveness with which nutrients are transferred as food to T. 
japonica. This could result in the difference in the sizes of the eggs brooded by the 
barnacles among sites. Such relationship, however, was not found for oocyte density. 
The total number of eggs may thus be a more accurate way to reflect the real brooding 
situation of the barnacles. Oocytes were found to be brooded all year round, which 
was different from that found in previous studies. Reproductive development of 
oocytes as a temperature sensitive process maybe triggered by the elevated water 
temperature in recent years, due to global warming, resulting in prolonged 
reproductive period. The spawning period, however, remained limited in summer. 
For the population dynamics study, the basal diameter and the population density 
of T. japonica were measured. Results showed that there were spatial variations in 
these two parameters examined. The mean basal diameter was the smallest for 




(22.47 士 4.69 mm). In contrast, Hoi Ha Wan recorded the highest value of mean (土 
SD) barnacle density (605.11 士 428.75 individuals / m )^ while the lowest density was 
found at Peng Chau (82.46 土 26.23 individuals / m^). Regression analysis showed that 
there was a significant relationship between the spatial monthly mean barnacle basal 
diameter and density, thus the densest population was found in Hoi Ha Wan with the 
smallest mean size. Some curvilinear or exponential relationships were detected 
between the population parameters of T. japonica and the water quality. The level of 
suspended solids, which maybe a food source of barnacles, was found to be associated 
with the spatial variations in growth and settlement of this species. Mass settlement 
event was recorded during early or mid summer. However, new settlers were also 
observed during mid winter at Hoi Ha Wan, Green Island, Causeway Bay and Tung 
Lung Chau when this species was not reproductively active. These recruits may have 
come from populations outside of Hong Kong with temporal variation in their 
reproductive output. 
The present study examined the responses of the rocky intertidal communities 
along the Victoria Harbour after pollution abatement. Generally, spatial variations of 
these responses were more obvious than that of temporal variations, for both the 




japonica, the indicator species. A longer duration of monitoring should be continued 
as recovery from pollution impact in nature is a long term process. More detailed 
studies on the population dynamics of T. japonica is suggested, which may provide a 
better insight of the responses of this species to environmental changes and the 
effectiveness of this species as an indicator of water quality. The knowledge obtained 
in the present study could provide the baseline information for future studies. A good 
development plan incorporating conservation strategies would certainly be a much 
better approach than post pollution actions, since alteration of the community 












































12.49微米）與最高密度的卵（每平方毫米76.08 ± 33.30顆卵）。而最小的平均卵 
母細胞直徑於海下灣樣本中發現（57.57 ± 18.86微米)，最低的平均卵母細胞密度 










7.03毫米），最大的則是銅鑼灣的樣本（22.47 ± 4.69毫米）。相反，海下灣記錄 
得最高的平均藤壶密度（每平方米605.11 ±428.75個體），而最低的密度則被發 
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Chapter 1 
General Introduction 
Chapter 1 : General Introduction 
1.1. Intertidal Areas and Rocky Shores 
Intertidal zone is the transition from the sea to the land and is thus the 
extension of the marine environment. It is one of the most well studied marine 
areas because of its easy accessibility. People can directly observe the aquatic 
organisms here during low tide without the use of any special equipment. Due 
to the limitation of tidal fluctuation, the intertidal areas cover only a few meters 
of vertical range and are thus much narrower than other marine environments. 
Nevertheless, the intertidal areas support a high biodiversity of organisms that 
are adapted to varying environmental conditions so characteristic of these areas. 
One of the easiest ways to differentiate type of intertidal areas is to 
examine their type of substratum. Rocky shores, sandy beaches and mud flats 
represent three major types of intertidal areas with rocks, sand and mud as their 
dominant substrata respectively. These intertidal areas support very different 
fauna and flora with different characteristic community structures. 
The hard substratum of rocky shores provides a species-rich habitat that is 
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usually more densely populated with epifauna and flora than the sandy and 
muddy shores. Depending on its geological formations and its associated 
oceanographic processes, rocky shore can take many forms. Bare rocks with 
cracks and crevices or large boulders are the common types of substrata that 
can be found in rocky intertidal. The slope of these rocky surfaces can range 
from being vertical to gradually sloping to having wave-cut platforms (Moore 
& Leonardo，1996). It is this high diversity of the rocky surfaces that provide 
different microhabitats for the rocky intertidal organisms, including large 
number of macroorganisms that consist of a high diversity of animals and 
plants. For this reason, rocky shores have fascinated marine biologists and 
ecologists for a long time. Many studies and surveys have been carried out that 
enhance our knowledge of the interactions between the intertidal organisms and 
their habitats, as well as among themselves. 
1.1.1. The Importance of Rocky Shores 
Rocky intertidal zones play very important roles, both as a local marine 
ecosystem and in human society. The primary producers, seaweeds or algae, in 
rocky shores provide the source of organic materials for other marine life like 
grazers. These consumers produce and release enormous amount of eggs and 
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larvae into the sea and form an important food source for other animals like 
juvenile fish in the coastal water. In addition, they themselves are also the prey 
of the top predators, e.g. birds like to feed on the rocky shore animals during 
low tide, so are some other mammals as well. Rocky shores are home to lots of 
special kinds of organisms that cannot be found in other marine environments. 
Many rocky shore organisms are economically valuable to human beings. 
Seaweeds are collected as food in many rocky intertidal areas around the world. 
They are used as fertilizer or phycocolloids extracted from them are used in 
brewing and cosmetic industries (Moore & Leonardo 1996). In some rural 
coastal communities, stalked barnacles, mussels and seaweeds are now farmed 
extensively in order to satisfy the world's huge demand. Rocky shores are sites 
for recreational activities like fishing. The beauty of some rocky shores makes 
them important tourist attractions. It is therefore essential to conserve our rocky 
shores. 
1.1.2. Factors Affecting the Communities of Rocky Shores 
Community structure on rocky shores is built upon a complicated 
interaction of the distribution, abundance and diversity of its component 
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species that reflect their trophic relationships. All these are very much related to 
numerous physical and biotic factors (Menge & Sutherland 1987). With global 
warming, the sea level has risen over the past decade due to melting of the sea 
ice and glaciers. The effects are obvious in those narrow rocky intertidal zones 
with the rocky substratum being completely displaced, losing the intertidal 
assemblages permanently (Steffani 2000). The rise in sea and air temperatures 
also comes with global warming. As most marine organisms are living close to 
the upper limit of their temperature tolerance, the ambient temperature at rocky 
shores strongly determines their distribution range both at the community level 
and on a biogeographical scale (Bolton & Anderson 1990). Air temperature 
affects the vertical zonation of the rocky shores more closely since during low 
tide, the upper shore organisms suffer from heat stress and desiccation to a 
greater extent (Little & Kitching 1996). At the individual level, different 
intertidal organisms use different strategies to cope with thermal stress, e.g. 
limpets cling to the rock firmly to prevent water loss (Branch 1981) and some 
mobile gastropods will move lower on shore to prevent overheating (Harper & 
Williams 2000). In addition, the whole community structure changes due to the 
rise in near shore water temperature. Shift in fauna communities in a California 
rocky intertidal zone northward was recorded and was attributed to be a result 
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of warming climate (Barry et al. 1995). 
Different levels of wave action exert influence on the intertidal 
communities by determining the range of zonation and the distribution of 
intertidal organisms. The wave smashes and tears objects away mechanically. 
Intertidal creatures must adapt to this in order to live. The upper shore 
organisms rely on the waves a lot as splashing offers them the chance to live 
higher where predation and competition pressure will be lower. It also relieves 
them from the stress of extreme temperature and desiccation. 
Eutrophication can change rocky shore communities profoundly. As 
eutrophication increases, the community structure of the rocky intertidal shifted 
from being a perennial algal dominated one to an annual algal dominated one. 
Together with an increased dominance of filter feeders and grazers, the 
diversity would also decline (Worm & Lotze 2006). 
The biological interactions between species in rocky shore communities 
have been well documented. Grazers have important effects on the rocky shores 
algal succession (Williams et al. 2000, Aguilera et al. 2007). Due to limited 
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spaces and food sources in most of the rocky shores, competition between 
species is intense. Zonations or temporal community structural differences are 
often the result of variation in the tolerance of intertidal species to physical 
factors, with species being outcompeted by more tolerant ones. On a New 
England rocky shore, for example, the barnacle Balanus balanoides occupied 
the space during spring time while the mussels Mytilus edulis outcompeted 
them in summer to occupy the same space (Menge 1976). When mussels were 
removed, however, barnacles persisted again. 
1.1.3. Effects of Pollution on the Rocky Shore Communities 
Natural disturbances to the rocky intertidal communities are usually not 
permanent and the recovery time will not be too long. However, artificial 
disturbances are the real threats to the rocky shores. Pollution is the main 
source of human disturbances (Little & Kitching 1996). Oil spills and the use of 
oil dispersant in their treatment, heavy metal discharge from various types of 
industries as well as domestic wastes that impose a high demand on dissolved 
oxygen during their decomposition all result in deleterious effects to the coastal 
environments. It takes a long time (> 10 years) for the communities to recover. 
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Busy marine traffic nowadays facilitates the transport of both passengers and 
goods. On the other hand, incident of oil spillage also increases in frequency. 
Being not very volatile and soluble, fuel oil is easily trapped by the boulders on 
the shores. Even worse case can be seen at those sheltered shores with very 
gentle slope. With the effect of water movement, oil can be concentrated at a 
certain place for a long time and penetrate deeply into the substratum (Moore & 
Leonardo 1996). Toxic substances were found to accumulate inside the 
mussel's body and caused different adverse effects after the Exxon Valdez oil 
spillage in 1989 in Prince of William Sound, Alaska, United States (Carls et al. 
2001). One year after the spillage of Erika in December 1999 in Brittany, 
France, the boulder assemblages were found to lose many species and remained 
unstructured (Hir & Hily 2002). Modifications of biotic interactions were often 
observed after oil spills that delayed ecological succession (Lewis 1982). 
Coastal areas have suffered from pollution as a result of the dumping of 
untreated industrial and domestic sewage water for decades. Pollution gradient 
occurs along the coast due to the dilution effects of water movement. Intertidal 
community structure also changes along this gradient. Lower number of species 
and reduced vertical stratification are usually recorded at the area near the 
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sewage outfall in Cape Schanck, Victoria, Australia (Brown et al. 1990). 
Macroalgal community changes apparently with the pollution gradient, from 
f//vfl-dominated to Cora/Zma-dominated community as pollution level 
decreases in Tossa de Mar, Spain (Arevalo et al. 2007). Cystoseria species 
were usually found at unpolluted area or at sites with very low level of 
pollution in Basque coast, northern Spain (Diez et al. 1999). 
Currently there is plenty of information about the effects of marine 
pollution on the rocky intertidal communities. However, many of these studies 
were carried out in the temperate region only. Since the problem of marine 
pollution is now a global issue and is most serious in coastal water (Waldichuk 
1977)，many intertidal zones in sub-tropical and tropical areas also face the 
same problem. Thus, researches into the relationship between marine pollution 
and the coastal shores should also be carried out in these places, especially in 
those rocky shores located at the highly urbanized area or cosmopolitan city. 
Hong Kong is one of those mega cities where high density of human population 
lives. This large population imposes intense disturbances on the coastal area 
and yet detailed studies on such impacts are hardly available. 
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1.2. Hong Kong Rocky Shores 
Hong Kong (22�20，N, 114�lO'E) is located at the northern South China 
Sea region and is surrounded by sea on three sides. It has a 1,200 km long 
coastline with many rocky intertidal zones. As Hong Kong is sub-tropical in 
location, its rocky intertidal communities are in general much more similar to 
those in the tropics than those in the temperate rocky shores. Hong Kong 
intertidal rocky shores are not dominated by macroalgae while barnacles, 
limpets, chiton and littorine snails are abundant (Williams 2003). 
Seasonal fluctuation of physical parameters occurs in Hong Kong 
intertidal area. Tides and temperature vary between hot, wet summer and cool 
dry winter. During summer, the mean air temperature ranges from 26°C to 30°C 
and the tidal range is large (0.0 m — 2.7m). In winter, the mean air temperature 
is from 15°C to 20°C and a narrower tidal range is observed (0.5m - 2.5m) 
(Data from Hong Kong Observatory). Surface water temperature rises to � 
29°C due to the influence of the warm water from the South China Sea during 
summer and this drops to ~ 15°C during winter due to the cold coastal current 
coming from the Taiwan Strait (Watts 1973). 
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Western Hong Kong receives a large volume of freshwater run-off from 
the Pearl River, resulting in the hyposaline properties of western Hong Kong 
waters (salinity ranges from 2ppt to 1 Oppt). Eastern Hong Kong is mainly 
affected by the oceanic currents, hence the range of salinity is higher and 
narrower from 29 to 33 ppt. Level of wave exposure also varies between 
eastern and western rocky shores as the eastern side of Hong Kong is subject to 
strong seasonal monsoonal winds. Thus, there are more exposed shores in the 
east than in the western waters of Hong Kong (Chan 1999). 
The variation in the physical parameters causes the spatial differences in 
the community structure of Hong Kong rocky shores. In the eastern shores, 
mussels and barnacles are dominating the community while moving westwards 
where degree of exposure decreases and salinity lower, less macroalgae can be 
found in the intertidal zones (Morton & Morton 1983). 
1-2.1. Victoria Harbour and the Harbour Area Treatment Scheme (HATS) 
Victoria Harbour is one of the busiest ports in the world. It lies between the 
highly urbanized Kowloon Peninsula and the northern part of Hong Kong 




Harbour receives more than 1.8 million cubic meters of untreated sewage from 
domestic and industrial sources (Lai et al. 1999). Besides, reclamation 
activities inside the Harbour are also extensive, creating more pollution 
problems to the Harbour (Tanner et al. 2000). The outfalls from sewage 
screening plants also discharge screened effluent into the Harbour everyday. All 
these activities resulted in heavy pollution in the Harbour, contaminating both 
the sediments and the water. High levels of heavy metals (Cu, Ni, Cr, Zn and 
Pb) were found in the marine sediments inside the Harbour and these were 
believed to be related to the construction, maintenance and anchorage of ships 
during the early development of Hong Kong as a seaport (Tanner et al. 2000). 
Persistent organic contaminants like chlorohydrocarbons and DDT, which 
damaged the marine ecosystem, were also found in the sediments (Connell et al 
1998, Richardson & Zheng 1999). Not only were the toxic substances found in 
the sediments, many of these also accumulated inside the body of the marine 
organisms through the food chain, e.g. rabbit fish Siganus oramin collected in 
Victoria Harbour were found to contain high heavy metal contents in their liver, 





In view of the pollution problems in Victoria Harbour, the Hong Kong 
Government started to monitor its water quality in the 70，s and efforts have 
been put forward to protect the Hong Kong marine environments in the 80,s 
(Drainage Service Department, 2004). The Harbour Area Treatment Scheme 
(HATS) is one of the most important environmental programs undertaken 
among them. This scheme aims at improving the water quality in Victoria 
Harbour by central treatment of sewage to be collected from both sides of the 
Harbour. Several stages are included in this scheme in order to construct a 
sewage treatment infrastructure. The first stage was conceived in the early 
1990，s with the commissioning of the chemically-enhanced primary sewage 
treatment plant at Stonecutters Island. The construction of a 23.6 km long deep 
tunnel from Kwai Tsing, Tseung Kwan 0，parts of eastern Hong Kong Island 
and all of Kowloon to Stonecutters Island (Figure 1.2) was completed in 2001, 
representing the Stage I of HATS. Sewage from these localities is now 
transported to the sewage treatment plant and is chemically enhanced by 
primary treatment. Suspended solids are removed from the raw sewage and its 
biochemical oxygen demand reduced. Improvement of water quality in Victoria 
Harbour was observed after Stage I HATS through treatment of 1.4 million 




day. The dissolved oxygen level in the Harbour area has increased generally 
and the level of ammonia, total inorganic nitrogen and E. coli decreased in most 
of the Harbour area (Drainage Service Department, 2004). Stage II HATS is 
now under consultation in order to collect sewage from the central and western 
parts of Hong Kong Island to the Stonecutters Island (Figure 1.2) for treatment. 
1.2.2. Hong Kong Rocky Shores and HATS 
The coastal areas along the Victoria Harbour are highly urbanized and many 
seawalls have been built over the years. Nevertheless, some natural rocky 
intertidal areas could still be found. These natural shores are also subject to the 
same marine pollution problem experienced throughout the whole Victoria 
Harbour for a long time. Researches showed that the recovery of the intertidal 
environments after the removal of pollutants is usually slow (Brown et al. 1990, 
Kussakin & Tsmpalo 1997, Archambault 2001). However, the community 
structures of these natural rocky shores along the Victoria Harbour have not 
been examined comprehensively either before or after the implementation of 
HATS in order to find out the effects of HATS on them. The responses of the 
rocky intertidals, i.e. the time needed for recovery, as well as the recovery 




poorly understood. Monitoring the recovery of rocky shores along Victoria 
Harbour after such a large scale pollution abatement program would have 
provided much needed baseline information to understand the dynamics of 
disturbed rocky intertidal ecosystem. 
1.3. The Use of Rocky Intertidal Organisms as Pollution Indicators 
Recently, the use of bio-indicators for pollution monitoring has become 
more and more important. The selection of a proper indicator species is based 
on the following criteria: availability of previous studies, sedentary habit, 
abundance, resistance and tolerance to high rates of contaminant concentration, 
wide distribution over a salinity range and ability to net accumulate the metal 
of interest if used for quantitative detection of heavy metal content (Phillips 
1980). However，the number of studies of bio-indicator in tropical and sub-
tropical areas is much limited compare to those in the temperate regions. This 
may be due to the lack of geographically widely distributed bio-indicator 
species in the tropics (Phillips 1985). 
The most commonly used bio-indicators for environmental pollution 




and crustaceans like barnacles. In Hong Kong, the mussels Perm viridis, 
Septifer bilocularis, the oyster Saccostrea glomerata and the barnacles 
Capitulum miteUa’ Tetraclita squamosa and Balanus amphitrite have been used 
to monitor heavy metals and organochlorines level either in the sediments or in 
the water columns in past studies and were found to be effective in 
accumulating certain kinds of target contaminants (Phillips ‘ & Yim 1981, 
Philips 1985, Chan et al. 1986, Blackmore 1996, Blackmore et al. 1998， 
Blackmore 1999). 
1.3.1. Tetraclitajaponica 
The use of barnacles as pollution bio-indicators is common all over the world 
due to their worldwide distribution and sedentary habit (Ruelas-Inzunza 1998). 
Capitulum mitella, Tetraclita squamosa and Balanus amphitrite, as mentioned 
above, are widely used to monitor heavy metal levels in Hong Kong. However, 
another common species, Tetraclita japonica (Figure 1.3), which receives less 
attention in this regard due to its more limited range of distribution in Hong 
Kong than T. squamosa (Liu et al. 1986), is more dominant than T. squamosa in 
the study sites selected for this project (personal observation). Thus this species 





Tetraclita japonica can be commonly found on exposed Hong Kong shores, 
at the mid-high zone (1.25m - 2m above the Chart Datum (CD)) (Chan 1999). 
It is under the phylum Arthropoda, subphylum Crustacea, class Cirripedia, 
order Thoracica, sub-order Balanomorpha, Family Tetraclitidae, sub-family 
Tetraclitinae. Previous studies found that T. japonica exhibited two recruitment 
and settlement peaks throughout the whole year and this pattern varied spatially 
(Chan & Williams 2004). Its horizontal and vertical distributions were related 
to various factors that affected its population dynamics, including physical 
stresses like heat, predation pressure, current flow rate, food supply and 
recruitment (Sanford et al 1994, Carroll 1996, Chan & Williams 2003). 
Distribution of T. japonica in Hong Kong is mainly determined by the salinity 
of the marine environment as Hong Kong water has a steep salinity gradient 
from east to west. It is found to be more abundant on artificial surfaces in the 
more oceanic eastern shores (Liu et al. 1986，Chan 1999)，while its population 
can also be found in the shores within the heavily polluted Victoria Harbour. 
Studies on the barnacle Balanus amphitrite in Argentina found that its 




dominance in those heavily polluted areas (Calcagno 1998). However, no such 
attention has been focused on the relationship between pollution and the 
population dynamics of T. japonica, neither in Hong Kong nor in other 
countries. HATS as a pollution abatement program thus provides a unique 
opportunity to understand changes in the population dynamics of T. japonica as 
a response to improvement in the water qualities of Victoria Harbour. 
1.4. Objectives 
This study has therefore the following objectives: 
1. To monitor the succession or recovery of the intertidal community along 
Victoria Harbour after the implementation of HATS. 
2. To investigate the eutrophication effects on the population dynamics and 
reproductive biology of the barnacle Tetraclita japonica in Victoria Harbour 
with respect to the pollution abatement activities of HATS. 
1.5. Thesis Outlines 
This thesis is divided into 5 chapters and contents of each chapter are briefly 




Chapter 1 - General Introduction 
This chapter introduces the general ecology of intertidal area and rocky 
intertidal zones, including a brief review of factors, both natural and artificial, that 
can affect their community structure. Some information on the pollution history of 
Victoria Harbour in Hong Kong and the implementation of the Harbour Area 
Treatment Scheme (HATS) was provided. Examples of the use of intertidal 
organisms as pollution bio-indicators are given, including the background of 
Tetraclita japonica, one of the most common and important intertidal organisms in 
Hong Kong. Finally, the objectives of the current research are listed as well. 
Chapter 2 - Comparison of the Community Structure of the Rocky Intertidal 
Areas along Victoria Harbour 
This chapter describes and compares the spatial and temporal variation of the 
community structure of the six selected intertidal rocky shores along Victoria 
Harbour over a three year period from 2004 to 2007. Water quality information of 
Victoria Harbour was incorporated and correlated with the community assemblage 
data to evaluate the relevance of a pollution gradient on variation of the community 




Chapter 3 - Effect of Eutrophication on the Reproduction of Tetraclita japonica 
along the Victoria Harbour 
This chapter provides information on the reproductive biology of T. japonica, 
including the egg density and egg size comparison of the samples collected from 
different sites. Data were also correlated with different environmental parameters to 
investigate if pollution or other factors affected the reproduction of this species. 
Chapter 4 - Population Dynamics of the Barnacle Tetraclita japonica 
This chapter compares the population dynamics of T. japonica in a spatial and 
temporal scale. The size structure and the recruitment patterns of this species were 
revealed and again, as in Chapter 3, environmental parameters were incorporated to 
investigate the effects of pollution and other factors on the population dynamics of T. 
japonica. 
Chapter 5 - Summary and Perspectives 
This chapter summarizes all the findings of the present study and focuses on 
how changes in the community structure of rocky intertidal areas, reproductive 




status of its marine environment. It also suggests and discusses further investigations 
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Figure 1.3 The barnacles Tetraclita japonica. 
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Chapter 2 : Comparison of the Community Structure of the Rocky 
Intertidal Shores along Victoria Harbour 
2.1. Introduction 
A community is an association of species inhabiting the same area while 
interacting with each other. Various biotic and abiotic factors influence the structure 
of a community, which is a combination of the number and kind of species, and the 
relative abundances of these species (Manuel 2001). The spatial patterns of the 
community structure are closely associated with the surrounding environmental 
factors. Many studies have documented and investigated the interaction between 
community structures and the environments. One of the areas that receive much 
research interests is the rocky intertidal environment because it is subject to 
tremendous pressure from natural and human-induced disturbances that can change its 
community structure. As a transition between the land and the sea, the rocky shore 
community is very much related to numerous physical and biotic factors (Menge & 
Sutherland 1987), e.g. sea water level，the water and air temperature, and the 
substratum type. However, it is also due to the interactions of these various factors 
that make rocky shore a habitat that supports a high diversity of organisms. Changes 
in the community structure of rocky shores can therefore be good indicators of the 
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cumulative effects of disturbances on the coastal marine biota. These changes reflect 
an integration of the long-term exposure to these disturbances (Borowitzka 1972). 
Macroalgae are a dominant group of organisms thriving on the rocky intertidal area. 
In Isefjord-Roskilde Fjord, Denmark, the algal community shifted from having 
perennial, stable benthic species to more stress-tolerant and opportunistic ones in 
places where sewage was discharged (Middelboe & Sand-Jensen 2000). The green 
algae Ulva spp. are usually found to be associated with communities with lower water 
quality, i.e. sites closer to the industrial or sewage outfalls, while the brown algae 
Cystoseira spp. are usually found in shores far away from the outfalls with higher 
ecological status (Brown et al 1990, Ahn et al 1995, Arevalo et al. 2007, Pinedo et 
al 2007). In addition, reduction of algal abundance and number of vegetation belts 
are recorded in the degraded area when comparing with the less disturbed shores 
located along a pollution gradient in Basque coast, northern Spain (Diez 1999). 
In the non algal-dominated intertidal areas, the responses of the whole 
community assemblage are examined, instead of only looking at changes in the algal 
species composition to reflect the local water quality. Human disturbances like 
sewage disposal or oil spillage can also alter the whole community structure of rocky 
shores. According to the Pearson-Rosenberg (P-R) model (Pearson & Rosenberg, 
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1978), the benthic community will change from having normal structure with diverse 
fauna to a transitional stage with increased number of opportunistic species; and 
finally, when increase in organic input continues, to an azoic community where most 
species can no longer withstand the adverse environment. Studies have shown that 
when exposed to such kind of pollution, either number of species, species diversity or 
the abundance of certain species of organisms would usually decrease (Pople et al. 
1990, Kussakin & Tsurpalo 1999, Farina & Castilla 2001, Vallarino et al 2002, 
Worm & Lotze 2006). However, a small proportion of organisms are favored by this 
kind of organic enrichment. Such cases were recorded in Quequen, Argentina and 
Krabovaya Bay, Russia where the pollution levels at the study sites were moderate or 
low (Gappa et al. 1993, Kussakin & Tsurpalo 1999). Besides, moderate level of 
pollution usually increases grazing activities and the abundance of filter feeders 
(Worm & Lotze 2006). 
Though there are numerous reports on the responses of rocky intertidal 
community assemblages to marine pollution, only limited studies (Archambault et al. 
2001, Hawkins et al. 2002) were available on the recovery of rocky shores after the 
removal of the pollution sources or the cessation of their disposal. Archambault et al. 
(2001) proposed that increase in the number of species would be observed at those 
26 
Chapter 2 
Comparison of Rocky Intertidal Community Structure along the Victoria Harbour 
sites if recovery really takes place after the level of pollutants in the water has been 
lowered or removed. This was found to be true at the lower intertidal zone. In addition 
to changes in the number of species or the species diversity in a community, it is also 
assumed that the community can retrace back to its original structure through 
recovery as mentioned in the P-R model. Thus, by comparing the community 
structures spatially and temporally with the help of reference sites, one can tell 
whether recovery has occurred at the study areas. 
The implementation of the Stage I of Harbour Area Treatment Scheme (HATS) 
to improve the water quality in Victoria Harbour by the Hong Kong SAR Government 
in 2001 (see details in Chapter 1), provided an unprecedented opportunity to examine 
the responses of the rocky shores along the Victoria Harbour to the reduction in the 
organic loading in this area. Until recently, many studies have focused on the 
responses of different parameters within the Harbour after pollution abatement. It was 
found that nutrients like ammonium and phosphate level decreased (Ho et al. 2008), 
while no obvious recovery was observed in the marine macrobenthic community 
(Shin et al. 2008). The sediments inside the Harbour still contained high level of 
heavy metal, e.g. lead and copper (Tang et al 2008). A comparative study has been 
carried out to investigate the responses of the natural rocky intertidal environments 
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along the Victoria Harbour after the implementation of HATS. 
This chapter presents the results of this comparative study. It describes and 
compares the spatial and temporal variation of the community structure of six selected 
rocky shores in Victoria Harbour along a pollution gradient with the aim of finding 
whether there was any sign of recovery occurring in these communities in response to 
the pollution abatement. The time needed for recovery and the mechanisms involved 
were also investigated. 
2.2. Materials and Methods 
2.2.1. Sampling Sites and Timing 
Since this project was to monitor the recovery or the succession of the rocky 
shores located along the Victoria Harbour with respects to the pollution abatement 
scheme carried out by the Hong Kong government, the target sites were thus chosen 
within the Harbour area. Victoria Harbour lies between the highly urbanized Kowloon 
Peninsula and the northern part of Hong Kong Island where it covers an area of about 
42 km^ as of 2004. Though most of the coastal areas along the Victoria Harbour have 
been urbanized, there are still some natural rocky shores that remain undeveloped. 
Among these shores, six of them were selected for the current study. Starting from the 
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west to the east along the Victoria Harbour, these shores were Peng Chau (PC), Green 
Island (GI), Causeway Bay (CB), Hoi Xum Park (HXP), Heng Fa Chuen (HFC) and 
Tung Lung Chau (TLC) (Figure 2.1). All of them are semi-exposed shores with waves 
sometimes vigorous either due to wind actions or due to wake generated by passing 
vessels as Victoria Harbour is a main marine traffic channel in Hong Kong. 
The selection of these sites was based on their localities, with the assumption that 
sites located at the central part of the Harbour were subject to more serious pollution 
impacts than those located at the two sides of the Harbour. A pollution gradient of 
water quality could thus be drawn along the Harbour wherein the central part is most 
polluted and pollution levels drop off towards either the east or western side of the 
Harbour (Ho et al. 2008). Community response of the selected shores to pollution 
abatement along this gradient is the research focus of the current study. 
2.2.2. Detailed descriptions of the characteristics of each study site (Figure 2.2): 
2.2.2.1. Peng Chau (PC) (22°17’3.10"N，114° 2’52.11"E) 
This is the western-most study site. The boat traffic here is the least busy such 
that it is one of the least wave exposed among the six selected sites. This site is 
characterized with large boulders with cracks and crevices forming a number of rock 
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pools. 
2.2.2.2. Green Island (GI) (22�16’59.54"N，114�6,43.28"E) 
This is an islet facing Sai Wan, on the southern shore of Victoria Harbour. This 
site experiences the strongest wave action since it is located just at the mouth of 
Victoria Harbour. It is therefore next to a very busy channel along-the major ferry 
route with many ferries passing through it from Victoria Harbour to other outlying 
islands like Lamma Island and Cheung Chau or even to Macau. Many large cargo 
ships are also docked here waiting to unload their cargo in the container terminals 
nearby. 
2.2.2.3. Causeway Bay (CB) (22�17’5.15"N，114°10'55.96"E) 
This site is located at the water front of the Royal Hong Kong Yacht Club on 
the southern shore of Victoria Harbour. The natural rock formations in this site are 
mainly made up of small boulders, the actual area of the intertidal examined is the 
smallest among the six sites. 
2.2.2.4. Hoi Xum Park (HXP) (22°18'52.72"N, 114°11'32.51"£) 
This site is located at To Kwa Wan Industrial area on the northern shore of 
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Victoria Harbour and receives industrial outfall from the industrial area. The water 
quality around this site is obviously worse than in the other sites. Fouling smell and 
dead fishes were noticeable since this site is next to a waste disposal canal. This site is 
mainly composed of bare rocks and sandy area. Level of wave exposure at this site is 
the weakest among the six sites as it is located inside the typhoon shelter. However, 
considerable wave action is still observable because a public ferry pier is not far from 
there. 
2.2.2.5. Heng Fa Chuen (HFE) (22°16'55.61"N, 114°14'13.07"E) 
This site is located outside the Heng Fa Chuen Residential Estate and is the 
eastern most site on Hong Kong Island. Similar to Tung Lung Chau, this site is also 
characterized with bare and steeper rocky slope. Wave action is also strong and many 
ships pass by it on their way to the eastern part of Hong Kong. 
2.2.2.6. Tung Lung Chau (TLC) (22°15'30.93"N, 114°17'42.23"E) 
This is the eastern most site and is mainly composed of bare rocks. This island 
is quite exposed since the water channel between this island and the mainland (Clear 
Water Bay, New Territories) is narrow. Many pleasure boats pass through there and 
generate a lot of wake. The wave action is also strong in winter because of the 
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northeast monsoon. This site is least influenced by the pollution in the Victoria 
Harbour so is considered to be the cleanest site among the six. 
2.2.3. Community Structure Monitoring 
The community structure of the six selected natural rocky intertidal areas in 
Victoria Harbour (Figure 2.1) was examined for three years from June 2004 to May 
2007. Each site was divided into the upper and the lower intertidal zones, which were 
marked respectively as around 1.8m and 1.2m above the chart datum (CD). Three 
10m transects were laid haphazardly, parallel to the shore at each tidal zone. In CB, 
because the intertidal area was very small, only 5m transect was used. On each 
transect, five random photoquadrats (50cm X 50cm) were laid down. A digital camera 
(Sony Cyber-shot DSC-P150) was used to take photos of each quadrat to record its 
community structure. Photos taken were analyzed using a computer. All organisms 
found in the photoquadrat were counted as number of individuals, except for 
barnacles, algae and coralline algae. Percentage cover within the quadrat was used to 
estimate the abundance of these three groups of organisms using the image analysis 
program Image-Pro Plus 5.0. (Media Cybernetics, Inc., USA). 
Monthly monitoring was carried out from May to September and, bi-monthly 
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monitoring from November to March in each year. This sampling strategy was timed 
to match the reproductive and seasonal recruitment of the indicator species, the 
barnacle Tetraclita japonica. This species was found to mass recruit mainly in 
summer. However, smaller recruitment peak could also be observed during winter 
(Chan & Williams 2004). More frequent sampling was therefore carried out in 
summer than in winter. Sampling time was also divided into four seasons: spring 
sample was defined as samples collected in March; summer samples were collected 
from May to September; autumn samples were collected in November and winter 
samples, in January. 
2.2.4. Statistical Analysis 
2.2.4.1. Species Diversity 
Shannon-Wiener diversity index (H') (Shannon & Weaver 1948) was calculated 
for each transect using PRIMER 6 (PRIMER-E Ltd, UK). The calculated mean 
diversity indices were compared using Kmskal-Wallis test, with diversity index as 
variable, time, site and zonation as fixed factors. All statistical analyses were carried 
out using SPSS (Apache Software Foundation, USA). 
2.2.4.2. Spatial and Temporal Comparison of Rocky Intertidal Community 
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Assemblages 
Multivariate analyses were used to compare the community structure of the six 
sampling sites using PRIMER 6 (PRIMER-E Ltd, UK). Various factors were 
incorporated into the analyses, including sites, time (years, one year was defined as 
from June in the first year to May in the next year), zonations and diet functional 
groups. Data were presented in relative abundance and were fourth-root transformed 
in order to minimize the effect of over-dominance of certain species. 
Multi-Dimensional Scaling (MDS) plots were generated for visualization of the 
similarity of the community structures among sites over time based on the Bray-Curtis 
similarity coefficient calculated between samples. In addition, dendrograms were also 
plotted for better visualization of this relationship as they directly show the similarity 
between samples quantitatively. Analysis of similarity (ANOSIM) was applied to test 
for any significant difference of the community structure between sites and times. The 
global R value given in the test was used to determine if the community structures 
among sites or times were either well separated (R > 0.75), overlapped with clear 
difference (0.75 > R > 0.50) or totally overlapped (R < 0.25) (Clarke & Gorley 2006). 
Finally，the similarity percentage procedure (SIMPER) was used to identify the 
differentiating species accounting for the dissimilarity between sites or times and the 
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typifying species within a certain site or a period of time. Bubble plots were used to 
present the abundance of some of the differentiating species in different sites; the 
larger the bubble in the plot means the more abundant that organism was. The species 
recorded during the investigation were further defined with respect to their functional 
trophic groups as grazers, filter feeder, phototrophs, omnivores, scavengers and 
carnivores in order to see if there were any changes (using Kruskal-Wallis test) in the 
relative abundance of these groups and which group was dominating the community 
throughout the sampling period. 
2.2.5. Correlation of Water Quality with Community Structure 
Water quality data were used to correlate with the community structure patterns 
observed in the sampling locations using BEST (Bio-Env + Stepwise) and 
LINKTREE in PRIMER 6. Monthly concentration of total phosphorus, nitrate-
nitrogen, nitrite-nitrogen, ammonia-nitrogen and silica in the water bodies at the 
corresponding sampling locations were obtained from the data bank of the 
Environmental Protection Department of the Hong Kong government. Ranked data 
were analysed by calculating the Euclidean distance between each data point. The 
combinations of environmental parameters that can best describe the observed 
community structures were listed according to the r-value obtained during the test. 
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The variables that appeared in the first two ranks of the result table were picked out 
for the LINKTREE test. The sampling sites were then split from the others step by 
step during this test based on the environmental parameters picked out from BEST. 
Moreover, the selected environmental parameters were analysed by ANOVA to test if 
their concentrations differ significantly among sites and months. 
2.3. Results 
2.3.1. Species Diversity 
Over the sampling period of three years, a total of 46 species were recorded from 
the six sampling sites. Among these six sites, the highest species number of 41 was 
recorded in Tung Lung Chau (TLC), while the lowest one with only 11 species was 
recorded in Hoi Xum Park (HXP). In the remaining four sites, the number of species 
recorded ranged from 32 to 38. There was a gradient of increase in species number, 
from HXP located in central Victoria Harbour to the sites towards the east (TLC) and 
the west (PC) (Figure 2.3 A). 
Diversity indices (Figure 2.3B) varied among sites also. Mean species diversity 
in HXP was the lowest (H' = 0.36 士 0.40)，while indices for the other sites ranged 
from 2.13 士 0.37 to 2.25 士 0.21. There were significant differences in the diversity 
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indices among sites (Kruskal-Wallis Test, Chi-Square = 266.30, df = 5, /? < 0.001). 
The species diversity index of HXP was much lower than those in the other five sites. 
Except for TLC (Figure 2.9), temporal changes of diversity indices of the other 
five sites (Figure 2.4 to Figure 2.8) were significant (Kruskal-Wallis Test, p < 0.05). 
However, no clear monthly patterns were observed for these changes. There were no 
significant differences (Kruskal-Wallis Test, p > 0.05) (Figure 2.4 to Figure 2.7) in 
the diversity indices between the upper and lower shores in each individual site, 
except in HFE and TLC (Kruskal-Wallis Test, p < 0.05) (Figure 2.8 and Figure 2.9). 
Higher species diversity was recorded in the lower zone for 21 out of the 22 sampling 
periods in HFE. Similar pattern was observed in TLC for 18 out of the 24 sampling 
periods. 
2.3.2. Spatial and Temporal Comparison of Rocky Intertidal Community 
Assemblages 
Differences in the spatial community structure of the six study sites were 
observed. Results of the MDS ordination (Figure 2.10) show two distinguishable 
groups: the community from HXP being separated from those from the other five sites. 
This indicates that these two communities were very different from each other. With 
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data points from HXP removed, further investigation of these remaining five sites 
indicates that the communities of PC and GI were most similar (Figure 2.11). The 
community structures of CB, HFE and TLC were different but with some overlaps to 
those from PC and GI. 
Cluster analysis (Figure 2.12) shows that HXP was only about 25% similar to the 
other sites, with more than 70% of similarity recorded among the remaining five sites. 
Again, PC and GI were the most similar pair, with about 85% of similarity. HFE was 
> 75% similar to PC and GI. Finally, TLC and CB were about 70% similar to HFE, 
PC and GI. Except HXP, a gradient of similarity could be observed in the dendrogram 
(Figure 2.12). The community structures of sites from the western shores (PC and GI) 
were more similar. This similarity decreases towards the eastern shores with HFE, CB 
and TLC being decreasingly similar to those western sites. 
Results of ANOSIM using site as a factor give a global R value of 0.4 (p < 0. 
001), suggesting that the community structures of the different sites overlapped with 
one another, albeit with some differences. Pairwise test (Table 2.1) comparing HXP 
with PC, GI, CB and TLC individually showed high global R values (global R > 0.75, 
P < 0.001), indicating that the community assemblage of HXP was totally different 
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from that of these four sites. HFE was highly different from HXP, but both shared 
some common characteristics (Global R = 0.73, p < 0.001). SIMPER analysis (Table 
2.2) shows that the limpets Patelloida saccharina (Figure 2.13A) and Cellana 
toreuma (Figure 2.13B) were the typifying species found in PC, GI, CB, HFE and 
TLC. These two species were very common in the intertidal area. In contrast, the 
differences in the community assemblages between HXP and the rest of the other sites 
were due to three differentiating species (Table 2.3): the barnacle Balanus amphitrite 
(Figure 2.13C) and the cyanobacteria Chroococcus sp. (Figure 2.13D)，which were 
highly abundant in HXP but not in the other sites; and the limpet P. saccharina which 
was not found in HXP during the whole sampling period. Bubble plot of these three 
species (Figure 2.14) provided a better picture of their abundance in different sites. 
Temporal comparison of the species composition among the six study sites 
showed that these sites became more and more similar (from about 85% to about 88% 
similarity) from the year of 2004 to 2005 to the year of 2006 to 2007 (Figure 2.15). 
ANOSIM test using year as the factor (Global R = 0.028, p < 0.001) (Table 2.4) 
suggested that the overall community structures of these sites totally overlapped from 
2004 to 2007. The pattern of change within each individual site also responded 
similarly through time (Figure 2.16). All these sites tend to remain more similar to 
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itself over the years than among sites, the similarity in their intertidal assemblages 
increased from the year of 2004 to 2005 to the year of 2006 to 2007 (Figure 2.16), 
suggesting that the community structure of these sites became more and more stable 
over the years. Results from ANOSIM (Year as factor, Global R < 0.50, p-value < 
0.05) (Table 2.5) further confirm that there was no significant change in the 
community assemblages of each of these sties throughout the sampling period. 
During the three years of investigation, the community structure of HXP 
remained very different (< 20% similar. Figure 2.17) from that of the other sites. This 
site was mainly typified by Chroococcus sp. and B. amphitrite which were seldom 
found in other sites (Table. 2.6). For the other five sites, PC and GI were most similar 
to one another (> 80% similarity) till the end of the investigation (Figure 2.17 and 
Figure 2.18). HFE was more similar to PC and GI than to the remaining sites and 
became more and more similar to PC and GI throughout the investigation (from about 
75% to 80% similarity). CB remained about 70% similar to PC, GI and HFE in the 
year of 2004 to 2005 and the year of 2005 to 2006. However, its similarity to these 
three sites decreased to less than 70% in the year of 2006 to 2007. SIMPER analysis 
showed that the decrease in the number of P. saccharina and the increase in the 
coverage of the encrusting algae Hildengrandia occidentals (Figure 2.19) in the year 
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of 2006 to 2007 were the reasons causing the decreased similarity of CB to PC, GI 
and HFE. The community structure of TLC decreased its similarity from 73% to 
about 70% to PC, GI and HFE from the year of 2004 to 2005 (Figure 2.17 A) to the 
year of 2006 to 2007 (Figure 2.17 C). This pattern of change is confirmed from the 
ANOSIM pairwise test comparing TLC with the five other sites using year as a factor 
(Table 2.7 A to C). There is an obvious temporal increase in Global R values in most 
of the pairwise comparisons, suggesting that the community structure of TLC was 
getting more dissimilar to that of the other sites. The species that contributed to the 
dissimilarity between TLC and the other individual sites from 2005 to 2007 varied 
(Table 2.8 A to C). However, except for those species that differentiated TLC from 
HXP, the contributions of other differentiating species were all < 10%, indicating they 
should not be critical enough to have contributed to the overall differences in the 
community structure of TLC and the other study sites. 
The species found in the different study sites may be grouped under different 
trophic groups in order to reflect their functional roles. Changes in community 
structure of these functional trophic groups in TLC were observable. The mean 
relative abundance of algal grazers decreased from about 80% in 2004 to about 60% 
in 2007 and that of phototrophs increased from about 10% to 20% within the same 
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period (Figure 2.20 F). However, these changes were not statistically significant 
(Table 2.9). Increased abundance of algal grazers from about 7% to about 20% in 
HXP from 2004-2007(Figure 2.20 D), and from about 50% to 70% in HFE from 2005 
to 2007 was, however, significant (Kruskal-Wallis test, p < 0.05) (Figure 2.20 E and 
Table 2.9). Besides, there was also significant decrease in the abundance of filter 
feeders in both HFE (from about 30% to about 5%, Figure 2.20 E) and CB (from 
about 6% to about 0.5%, Figure 2.20 C) (Kruskal-Wallis test,;? < 0.05) (Table 2.9). 
2.3.3. Correlation of Water Quality with Community Structure 
Results from BIO-ENV show that the community structures of the six selected 
rocky shores were significantly correlated with the concentration of total phosphorus 
alone (regression, r = 0.134, /? = 0.003) and a combination of total phosphorus and 
ammonia-nitrogen (r = 0.069,/? = 0.003). Significant spatial differences were found in 
both concentrations of total phosphorus (Figure 2.21) and ammonia-nitrogen (Figure 
2.22). Gradients were observed across the Victoria Harbour. The amount of total 
phosphorus and ammonia-nitrogen increased from both the western most and eastern 
most sites towards the central part of the Victoria Harbour. CB exhibited the highest 
concentrations while TLC, the lowest concentrations of these two nutrients among the 
six sampling sites (one-way ANOVA, p < 0.001) (Figure 2.21 and Figure 2.22). 
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However, differences in the concentration of total phosphorus and ammonia-nitrogen 
were only obvious in the spatial differentiation of the study sites but not in terms of 
any temporal changes in the community structure throughout the sampling period. 
There were no significant differences in the concentration of both nutrients in each of 
the six sites over time (one-way ANOVA, p > 0.05) (Figure 2.23 and Figure 2.24). 
2.4. Discussion 
Species richness, diversity indices and community structures of the marine 
macro-benthic community were found to be effective in assessing the impact of 
pollution on a certain locality. Many such studies have been carried out in temperate 
regions but more rarely in subtropical areas like Hong Kong. Communities located at 
the most polluted area or closest to the pollution source were usually found to contain 
the lowest number of species and species diversity (Brown et al. 1990, Diez et al 
1999, Kussakin & Tsurpalo 1999, Archambault et al. 2001, Vallarino et al. 2002, 
Fraschetti et al 2006, Arevalo et al. 2007). In the present study, the species number 
and diversity indices (H') found in HXP were the lowest among the six sampling sites. 
In addition, the dominance of the barnacle Balanus amphitrite, a filter feeder, implies 
that this site is heavily polluted or highly enriched by nutrients (Diez et al 1999). B. 
amphitrite was found to be an indicator of high level of pollution in Guanabara 
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(Brazil) as its ability to resist pollution was much higher than that of other barnacles 
like B. tintinnabulum and Tetraclita squamosa stallactifera (Lacombe & Moneiro 
1974). Furthermore, B. amphitrite tends to grow in calmer shores such that the high 
abundance of this species in HXP but not in other sites suggests that the wave action 
of this site is comparably weaker. This may explain why the species composition and 
diversity in HXP are very different from those of CB, although both sites contain 
similar level of nutrients (total phosphorus and ammonia-nitrogen). Since the waves 
in HXP are not strong enough to remove pollutants or toxic substances accumulated 
within this area, the intertidal organisms in this site should be more stressful 
(Underwood & Chapman 1996). Finally, only those species with higher disturbance 
tolerance, i.e. B. amphitrite, remained and thus both the diversity index and the 
community structure of this site differ significantly from those in the other shores. 
The limpet Patelloida saccharrina was one of the main differentiating species 
between HXP and the other shores. The population dynamics and the reproductive 
biology of this species had been examined for its response to the impacts of pollution 
in Hong Kong (Liu & Morton 1998). Its density was the lowest at the most polluted 
site，comparatively higher in less polluted sites and highest in moderately polluted 
area. The present study showed that this species has no record in HXP throughout the 
present research period. It is possible to use this species as an indicator of 
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improvement in the environment of HXP. Changes in its population structure may 
also be used to reflect the recovery progress in the other selected locations. 
For the other five sampling sites, spatial variations of their community 
assemblages were also observed. Among the environmental nutrients examined, the 
total phosphorus and ammonia-nitrogen level, but mainly the total phosphorus level, 
was found to be correlated with the spatial variations of the community structures of 
these sites. It has been reported that variations in the phosphorus and nitrogen levels 
can result in a shift in algal compositions. This bottom up effect could eventually alter 
the whole community structure (Eriksson 2002). Similar level of total phosphorus was 
found in the water at PC and GI，while the level of total phosphorus in HFE and TLC 
was lower. CB recorded the highest level of total phosphorus. Such gradient of total 
phosphorus level was consistent with the pattern projected by the dendrogram with 
site as a factor, showing PC and GI to be most similar, and HFE and TLC to be 
another similar pair. 
Among the study sites, TLC was the only site that became increasingly different 
from the other sites through time. The relative abundance of algal grazers decreased 
and that of phototrophic organisms i.e. mainly the seaweed Sargassum hemiphyllum, 
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increased from 2004 to 2007. Such decrease in herbivorous activity by limpets and 
increase in abundance of these large pseudo-perennial brown algae signalized the shift 
of the rocky community structure to become more stable (Brown et al. 1990, Diez et 
al. 1999, Middelboe & Sand-Jensen 2000, Eriksson 2002，Worm & Lotze 2006). 
Sargassum hemiphyllum was also found to be sensitive to pollution. The germination 
of its zygotes was strongly inhibited by sewage effluent in Sendai, Japan (Ogawa 
1984). In addition, it has been pointed out that rocky intertidal zonation would be 
simplified when the area is subjected to pollution (Fairweather 1990, Diez et al.l999). 
Significant difference in the diversity index (H') between intertidal zones in TLC was 
demonstrated starting from the summer of 2006, resulting in clearer zonation pattern. 
This indicates that the pollution condition in TLC rocky shore was improving, 
although both changes in the abundance of the differentiating species and the species 
composition based on their trophic habits were not significant. These changes may 
still reflect a sign of slow recovery of the community structure in this site. 
Differences in the level of recovery of the different study sites maybe related to 
the hydrodynamics of this region. During wet season (May to August), the tidal 
currents move generally from west or northwest to east or southeast, pushed by the 
southwest monsoon. During dry season (November to March), the northeast monsoon 
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brings the current from east or southeast to west or northwest (Lee et al. 2006). 
During summer time, the nutrient rich water from the Pearl River and from the 
Stonecutter Island sewage treatment plant is much diluted by the eastern water when 
it reaches TLC. In winter time, the eutrophied water moves away from Victoria 
Harbour to the west and thus TLC receives much less nutrients. As a result, TLC is 
the site least affected by the organic pollution in the Victoria Harbour. It is thus not 
surprising that such weak sign of recovery was detected the earliest in TLC among the 
six sampled shores. HFE also showed clear zonation pattern in its intertidal shore 
through time. In contrast, however, significant decrease of limpet abundance and the 
appearance of perennial algae did not occur. Instead, the lower zone in HFE was 
characterized by a thick band of the encrusting algae Pseudulvella applanata, which 
indicates that the water around HFE still contains rich amount of nutrients. The 
pattern of current flow may also bring about high similarity in the rocky intertidal 
community structure of PC and GI as these two sites are the closest to the pollution 
sources, Pearl River and the Stonecutter Island. The two intertidal areas receive the 
sewage with mainly ammonium and phosphate from the treatment plant during dry 
seasons and eutrophied water with mainly nitrate and silicate from the Pearl River 
during wet seasons (Ho et al. 2008). The nutrient contents in the water around these 
two sites were thus very similar for most of the sampling time. These sites in the 
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western shores, when compared with those in the eastern shores like TLC and HFE, 
are thus more affected by pollution. It is predicted that it will take a long time for PC 
and GI to show the sign of recovery in its intertidal community structure, while CB 
and HXP, located in the central part of Victoria Harbour where nutrients tend to 
accumulate, may take even longer to recover. Moreover, the dilution effect is weaker 
for these sites located in such a narrow water channel, when compare to those other 
sites facing a more open water system. It will be difficult to reduce the pollutant level 
in these sites unless the sewage treatment plant in Stonecutter Island is 
decommissioned or relocated. 
Temporal fluctuations of the diversity indices of the individual site were 
recorded. Some sites (e.g. CB and HFE) appeared to have decreased biodiversity 
during summer periods. Summer in Hong Kong is usually wet and hot, coupled with 
long daytime low tides with typhoons that cause high levels of physical stress on the 
intertidal assemblages (Hutchinson & Williams 2003). Thus, some species may die 
from thermal stress on an annual basis. Generally, there were no significant temporal 
increasing or decreasing trends of the diversity indices observed from June 2004 to 
May 2007 in all sites, suggesting that the communities of these shores were quite 
stable within this period. Nevertheless, there was increasing similarity of the overall 
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community assemblages over time. Since the community structure of a rocky shore is 
likely to be much related to the nutrient profile of its surrounding waters, community 
shifts are usually caused by an increase or decrease of the surrounding nutrient level, 
especially with the level of eutrophication (Eriksson 2002, Hawkins et al 2002, 
Arevalo et al. 2007, Shin et al. 2008). In this study, the concentration of total 
phosphorus and ammonia-nitrogen along Victoria Harbour did not show significant 
temporal changes at all the sites throughout the sampling period. This maybe one of 
the reasons why recovery of the targeted shores was not obvious. Shin et al. (2008) 
carried out a related study along Victoria Harbour from June 2004 to April 2006, 
looking at the recovery of marine macrobenthic soft bottom community after HATS, 
also concluded that the recovery of the macrobenthic community structure was very 
weak, mainly due to the slow improvement of the sediment quality. They suggested 
such kind of recovery studies may need much longer duration. However, it was 
discovered in their studies that the diversity index (H') of the soft bottom community 
increased, when compared with the same communities before HATS was 
implemented in 2001. Such kind of comparison was not carried out for the present 
study as the community structure data of the sampling sites before the implementation 
of HATS are not available. While no direct conclusion could be made specifically on 
whether recovery of the rocky shores along Victoria Harbour had occurred since the 
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cessation of the pollution, nonetheless, based on the community assemblage and 
nutrient data from June 2004 to May 2007, no clear succession of benthic community 
assemblages appeared in most of the sampling sites in general. Monitoring needs to be 
continued to find any recovery or significant changes in the intertidal community 
assemblages of these sites in the future. 
2.5. Summary 
From June 2004 to May 2007，spatial variations on both the species diversity 
and community structures of six rocky shores along the pollution gradient in Victoria 
Harbour were recorded. HXP exhibited the lowest diversity index (H，) and its 
community assemblage was totally different from that of the other five sites with the 
barnacles Balanus amphitrite and the cyabobacteria Chroococcus sp. being the 
differentiating species of this spatial variation. The western most site, PC, was most 
similar with GI in their community structures. The similarities of other sites to PC, 
except HXP, decreased from west to east along the Victoria Harbour, with TLC in the 
east being least similar with PC. The community structural differences between sites 
were found to be related to the nutrient levels, especially the gradients of total 
phosphorus level along the six rocky shores. There were no observable temporal 
changes of the community structures and the species diversity of the sampled shores 
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in general suggesting that recovery still has not been taking place in most of the 
sampling sites after the cessation of pollution input into the Victoria Harbour. 
However, a weak sign of recovery was recorded in TLC with the relative abundance 
of brown pseudo-perennial algae Sargassum hemiphyllum found to have increased 
and that of grazers decreased in this site. The location of this site farthest away from 
the pollution source and the direction of seasonal water currents could have 
contributed to this site receiving the least amount of pollutants from Pearl River and 
Stonecutter Island sewage treatment plant. It is suggested that longer duration of 
investigation should be conducted as recovery from pollution impact in nature is a 
long term process. 
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Table 2.1 Results of ANOSIM analysis comparing the spatial rocky shore community 
structures of the six sampling sites. Data were fourth root transformed and 
standardized in terms of relative abundance of all organisms found in the intertidal 
zones. Global R=0.409, p-value < 0.05. Upper figure represents the R value and the 
lower one shows the significance level for each pairwise comparison. Abbreviations 
for sites as in Figure 2.3. 
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Table 2.4 Results of ANOSIM comparing the overall rocky shore community 
structures of all the sites in different years. Data were fourth root transformed and 
standardized in terms of relative abundance of all benthic intertidal organisms in each 
site. Global R=0.028, value < 0.001. Upper figure represents the R value and the 
lower one shows the significance level for each pairwise comparison. 
2004 - 2005 2005 - 2006 
2005 - 2006 0.029 
0.001 
2006 - 2007 0.032 0.021 
0.001 0.001 
Table 2.5 Summary of ANOSIM comparing the yearly rocky shore community 
structures of each of the six sampling sites from 2004 to 2007. Data were fourth root 
transformed and standardized in terms of relative abundance of all benthic intertidal 
organisms in each site. Upper figure represents the R value and the lower one shows 
the significance level for temporal comparison within each site. Abbreviations for 
sites as in Figure 2.3. 
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Table 2.7 Results of ANOSIM comparing the community structures of Tung Lung 
Chau with the other five sampling sites in different years. Data were fourth root 
transformed and standardized in terms of relative abundance of all intertidal 
organisms in each site. Upper figure represents the R value and the lower one shows 
the significance level in pairwise comparison between sites. Abbreviations for sites as 
in Figure 2.3. 
A. 2004 - 2005 
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Comparison of Rocky Intertidal Community Structure along Victoria Harbour 
Figure 2.2 Overview of the rocky shore in the six study sites. A: Peng Chau, B: Green 
Island, C: Causeway Bay, D: Hoi Xum Park, E: Heng Fa Chuen, F: Tung Lung Chau. 
61 
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PC Gl CB HXP 
Site 
HEF TLC 
Figure 2.3 A. The number of species recorded and B. the range and the mean (white 
dash lines) (±SD) species diversity indices (H，）calculated for each of the six rocky 
shores from June 2004 to May 2007. Black dots in B represent the and 
percentiles. (PC = Peng Chau, GI = Green Island, CB = Causeway Bay, HXP = Hoi 
Xum Park, HFE = Heng Fa Chuen, TLC = Timg Lung Chau). 
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丄 
Kruskall Wallis Test 
Site: %-= 266.30, df = 5, 
p < 0.001 
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Monthly variations in the mean (士SD) species diversity indices in the 
lower zones of Peng Chau rocky shore. Kruskal Wallis test indicates 
difference in mean species diversity index over time, but not between 
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Kruskall Wallis Test 
Time: x^  = 41.561, df = 23, p = 0.010 
Zonation: = 0.167. df= 1,p = 0.682 
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Upper Zone 
Lower Zone 





Monthly variations in the mean (士SD) species diversity indices in the 
lower zones of Green Island rocky shore. Kmskal Wallis test indicates 




Kruskall Wallis Test 
Time: f = 38.250, df = 21,p = 0.012 
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Figure 2.6 Monthly variations in the mean (士SD) species diversity indices in the 
upper and lower zones of Causeway Bay rocky shore. Kmskal Wallis test indicates 
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Causeway Bay 
Kruskall Wallis Test 
Time: x = 58.745, df =22, p< 0.001 
Zonation:�=0.576, df = 1, p = 0.448 
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Figure 2.7 Monthly variations in the mean (士SD) species diversity indices in the 
upper and lower zones of Hoi Xum Park rocky shore. Kruskal Wallis test indicates 
significant difference in mean species diversity index over time, but not between 
zones. 
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Hoi Xum Park 
Kruskall Wallis Test 
Time: x = 62.530, df = 21, 
Zonation: = 0.710, df = 
p < 0.001 
,p = 0.790 
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Figure 2.8 Monthly variations in the mean (士SD) species diversity indices in the 
upper and lower zones of Heng Fa Chuen rocky shore. Kruskal Wallis test indicates 
significant difference in mean species diversity index over time, but not between 
zones. 
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Heng Fa Chuen 
T 
f i S ^ 
Kruskall Wallis Test 
Time: f = 44.293, df = 21,p = 0.002 
Zonation: x = 27.008, df = 1, p < 0.001 
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Figure 2.9 Monthly variations in the mean (士SD) species diversity indices in the 
upper and lower zones of Tung Lung Chau rocky shore. Kruskal Wallis test indicates 
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Tung Lung Chau 
Kruskall Wallis Test 
Time: { = 31.961, df=23,p = 0.101 
Zonation: x = 9.557, df= 1,p = 0.002 
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Figure 2.13 Photos showing A. the limpet Patelloida saccharina; B. the limpet 
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A. Balanus amphitrite 
% 
… / � eg i Transform Fourth root Standardise Samples by Total 
Resemblance: S17 Bray Curtis amilanty 
2D Stress 011 
B. Chroococcus sp. 
Chroococcus sp. 
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春 4 0 
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• 1 0 0 
Standardise Samples by Total 
Resemblance: S17 Bray Curtis siiwlarity 
P. saccharina 
C. Patelloida saccharina 
Figure 2,14 Bubble plots showing the abundance of A. the barnacle Balanus 
amphitrite, B. the cyanobacteria Chrorococcus sp. and C. the limpet Patelloida 
saccharina found in the six sampling sites. Data were fourth root transformed. Each 
bubble represents relative abundance data from one transect. 
73 
Chapter 3 
Comparison of Rocky Intertidal Community Structure along Victoria Harbour 
Group average 
Trans fo rm: Four th root 
S t a n d a r d i s e S a m p l e s by Total 
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100 95 90 85 
Similarity 
Figure 2.15 Dendrogram showing the clustering of the overall rocky shore community 
structure of different years in the six sampling sites. Data were fourth root 
transformed. Each point represents relative abundance data of all benthic intertidal 
organisms of all sampling sites from each year. 
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Figure 2.17 Dendrogram showing the clustering of rocky shore community 
structures of the six sampling sites in different years 2004 to 2007. Data were fourth 
root transformed. Each point represents the relative abundance data of all benthic 
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Figure 2.18 MDS ordination plot showing the relationship among the rocky shore 
community structures of the five sampling sites (data from Hoi Xum Park not 
included) in different years (2004-2007). Data were fourth root transformed. Each 
point represents the relative abundance data from each site in each year. Abbreviations 
for sites as in Figure 2.3. 
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Figure 2.19 The encrusting algae Hildengrandia occidentalis. 
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TLC2005 TLC2 
Time / Y e a r 
Figure 2.20 Yearly mean relative abundance (%) of different diet groups of rocky 
intertidal organisms in different sampling sites: A. Peng Chau, B. Green Island, C. 
Causeway Bay, D. Hoi Xum Park, E. Heng Fa Chuen, F. Tung Lung Chau from June 
2004 to May 2007. 
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P e n g C h a u Hoi X u m P a r k 
One-way ANOVA 
Levene's Test of Equality of Error Variances : p = 0.05 
F= 10.103, df=5,p<0.001 
a,b b,c c b,c a a 
PC Gl CB HXP 
Site 
HFE TLC 
Figure 2.21 The range and the mean (white dash lines) (士SD) levels of total 
phosphorus measured in water around the six rocky shores from June 2004 to May 
2007. Black dots represent the and percentiles. Abbreviations for sites as in 
Figure 2.3. Results of One-way ANOVA indicate significant differences in the mean 
total phosphorus levels among sites. Similar letters above the bars indicate sites where 
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One-way ANOVA 
Levene's Test of Equality of Error Variances : p = 0.08 
F = 21.796, df = 5,p<0.001 
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Figure 2.22 The range and the mean (white dash lines) (±SD) ammonium nitrogen 
level measured in the water around the six rocky shores from June 2004 to May 2007. 
Black dots represent the and percentiles. Abbreviations for sites as in Figure 
2.3. Results of One-way ANOVA indicate significant differences in the ammonia-
nitrogen levels among sites. Similar letters above the bars indicate sites where the 
mean ammonia-nitrogen levels were not significantly different (Tukey test, p > 0.05). 
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F = 1.524, d f = 3, p = 0.227 
Time / Month Time / Month 
Figure 2.23 Temporal variations in the mean total phosphorus level measured in the 
six sampling sites from June 2004 to May 2007. SD not shown. Source of data: EPD, 
HK SAR Government. 
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Figure 2.24 Temporal variations in the mean ammonia-nitrogen level measured in 
the six sampling sites from June 2004 to May 2007. SD not shown. Source of data: 
EPD, HK SAR Government. 
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Chapter 3 : Effect of Eutrophication on the Reproduction of 
Tetraclita japonica along the Victoria Harbour 
3.1. Introduction 
Reproduction is the biological process by which new individual organisms are 
produced. It is a fundamental feature of all known lives. Reproductive biological 
studies are crucial to the conservation of endangered species (Bosch et al. 1998，Wong 
& Sun 1999). Such knowledge helps to maximize the reproductive output of the 
species through culturing or even birth control. However, reproduction is a very 
complicated process that is regulated by many internal factors like hormones and 
external factors like changes in the environmental parameters. The significance of the 
interactions between factors and how these interactions affect the reproductive 
biology of the organisms remain unclear. 
The energy cost for reproduction is high. In order to maximize the reproductive 
success, wide ranges of reproductive strategies are employed by different species. 
Two main types of strategies are the K-selection and the r-selection strategies. K-
selected (e.g. human beings) species produce few offsprings each time to devote more 
resources to the nurturing and protection of each individual offspring. This increases 
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the survival of these offsprings, thus reducing the need to produce many. On the other 
hand, r-selected (e.g. ants) species would not invest in parental care, but instead would 
produce a large number of offspring (gametes) each time to maintain the population. 
Even though many offsprings die soon after birth, at least a few might survive to 
maturity. Barnacles and many other marine organisms show this latter type of 
reproductive strategy and are considered to be r-selected species. Millions of gametes 
are produced in each brood by these species (Barnes 1989). 
The reproductive biology of barnacles is well studied with respect to the effects 
of environmental parameters. Since barnacles are highly adapted to the sessile mode 
of life (Southward 1987), they distribute widely from intertidal area to the deep sea, 
appearing on different types of surfaces from rocks to shells, corals or even the body 
surface of whales. Many factors, e.g. water temperature, food quantity and food 
supply rate, photoperiod, stratification and recruitment density, have all been well 
documented to influence the reproduction of different barnacle species (Hines 1978, 
Bertness et al. 1991，Ross 1996，Hills & Thomason 2003, Lopez & Gonzallez 2003, 
Yan & Miao 2004, Leslie et al 2005). Besides natural disturbances, barnacles can 
also tolerate high level of human disturbances. Many studies have examined the 
heavy metal or contaminant contents inside different barnacle species (Chan et al. 
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1986, Blackmore 1996, 1999，Blackmore et al 1998, Ruelas-Inzunza 1998). Other 
studies also focused on the pollution effects on the biology of the barnacles. The 
growth of Balanus amphitrite was found to be inhibited by sewage pollution 
(Calcagno et al. 1997). Eliminius modestus and Balanus amphitrite were also found to 
have larger opercular plates under high level of metal pollution (Royo-Gelabert & 
Yule 1994). However, very few studies actually document the relationship between 
barnacle reproductive biology and pollution. The barnacles in Hong Kong waters 
provide a valuable opportunity to understand such kind of relationship since Hong 
Kong waters have been subjected to the impact of eutrophication from the Pearl River 
and also of pollutants or nutrient loading from the local sewage effluent like in 
Victoria Harbour (Lee et al 2006, Ho et al. 2008). How such impacts could affect 
barnacle reproduction remains unclear. 
Tetraclita japonica is one of the common barnacle species found in Hong Kong 
coastal region. It is reported to reproduce during summer in Japan and Hong Kong 
with about 13,000 to 71,000 eggs per brood (in Japan) (Barnes 1989). The mature size 
in Hong Kong ranged from 16mm to 17mm of the shell basal diameter (Cai & Huang 
1986，Chan & Williams 2004). Tetraclita japonica in Hong Kong has been facing the 
marine pollution problem, including problem of eutrophication, for a long time. This 
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is especially true for those found along the Victoria Harbour. The reproductive 
biology of T. japonica maybe affected by such parameter and thus, variations maybe 
observed among individuals found inside and outside the Harbour region. 
This chapter aims to provide information on the reproductive biology of T. 
japonica, including comparison of the egg density and egg size of samples collected 
from different sites within and outside the Victoria Harbour. Data were also correlated 
with different environmental parameters to investigate if eutrophication or other 
factors affected the reproduction of this species. 
3.2. Materials and Methods 
3.2.1. Sampling Sites and Timing of Collection 
The reproductive biology of Tetraclita japonica was studied from August 2005 to 
May 2007. Samples were collected monthly from May to September and bimonthly 
from November to March each year from five of the six selected rocky shores 
mentioned in Chapter 2 (Tung Lung Chau, Heng Fa Chuen, Causeway Bay, Hoi Xum 
Park, Green Island and Peng Chau). No individuals of this species were found in Hoi 
Xum Park in the middle of the Victoria Harbour. In addition, samples from an 
additional location close to Hoi Ha Wan Marine Park in northeastern Hong Kong were 
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collected to serve as additional control (Figures 3.1 and 3.2). 
3.2.1.1. Hoi Ha Wan (HHW) 
This rocky shore is located close to Hoi Ha Wan Marine Park (22�28’42.83"N, 
114° 19,22.65”E) which was established in 1996 to protect the hard coral communities. 
Its water quality is more affected by the eastern oceanic condition and is therefore 
different from that in the six rocky shores within and around Victoria Harbour. It is 
relatively protected with large boulders being the prominent type of substratum. 
Surfaces of these boulders are covered predominantly by barnacles and oysters. 
3.2.1.2. Tung Lung Chau (TLC), Heng Fa Chuen (HFE)，Causeway Bay (CB)， 
Green Island (GI) and Peng Chau (PC) 
These five sampling sites are located along a pollution gradient in Victoria 
Harbour. Among these five selected sites, Tung Lung Chau (22° 1530.93"N, 
114°17’42.23”E) was regarded as the control site. It receives the least nutrient loads 
from the Pearl River. Peng Chau (22�17’3.10"N, 114�2'52.11"E) and Green Island 
(22°16'59.54"N, 114° 6’43.28"E)’ located at the western side of the Harbour, receive 
the most amount of nutrients or pollutants coming from the Pearl River and the 
sewage treatment plant at Stonecutters Island (Ho et al 2008). More detailed 
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description of these sites is given in Chapter 2. 
3.2.2. Sample Collection and Preparation 
Twenty barnacles were collected randomly from the six selected locations during 
each field trip. The basal diameters of these samples were first measured ex situ 
before being fixed in 30% formalin for a week. The ovaries (Figure 3.3) of the fixed 
samples were taken out and then decalcified by decalcifying agent in order to dissolve 
any remnants of the calcareous shells that were stuck on the tissues. Samples were 
subsequently stored in 75% ethanol for histological preparation. 
3.2.3. Histological Studies of the Ovaries of Tetraclita japonica 
The fixed ovaries were put in an automated tissue processor (Leica TP-1050) 
overnight for serial dehydration using 50%, 70%, 85%, 95% and 100% ethanol. This 
was followed by clearing using xylene and 100% ethanol; and infiltration using 
paraffin wax. Processed samples were embedded in paraffin wax by tissue embedding 
system (Bamstead/Thermolyne Corporation Histo-Center). Cooled solidified paraffin 
blocks were then sectioned by a microtome machine (Leica Jung RM 2035). Cross 
sections of the ovaries were cut serially at 7|im thickness and then collected on glass 
slides. For each block, three slides were made. Dried slides were dewaxed using 
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xylene and then hydrated serially using 100%, 95%, 70%, 50%, 30% ethanol and 
running water. Mayer's hematoxylin, Scott's tap water and 0.5% aqueous Eosin were 
applied to the slides to stain the nuclei blue, to help nuclei developing blue color and 
the cytoplasm red respectively. Before mounting the slides using Canada Balsam, the 
slides were dehydrated serially again using 70%, 95%, 100% ethanol and xylene. 
The microscopic images of the ovaries were captured under light microscope 
using a Nikon DXM 1200 digital camera and then subsequently analyzed using the 
image analysis program Image-Pro Plus 5.0. (Media Cybernetics, Inc., USA). The 
developmental cycle of the ovaries was identified into four stages based on the system 
used for another barnacle species Chthamalus malayensis (Yan et al 2006) (Table 3.1, 
Figure 3.4). Whenever oocytes were present, the six largest ones were measured for 
their longest diameter and the diameter perpendicular to it. Fecundity was also 
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3.2.4. Statistical Analysis 
3.2.4.1. Histological Studies of the Ovaries of Tetraclita japonica 
Egg size and egg density of T. japonica from different sites were compared using 
Kruskal-Wallis Test (egg size and egg density as variables, site and time as fixed 
factors). Regression analysis was carried out to investigate if the size of barnacles 
(basal diameter) would affect the oocyte densities and diameter. • 
3.2.4.2. Correlation of Water Quality with the Reproductive Biology of Tetraclita 
japonica 
Various environmental parameters were examined for any relationship with the 
reproductive biology of T. japonica. Monthly data of the concentration of total 
phosphorus, nitrate-nitrogen, ammonia-nitrogen and silica, water temperature and 
amount of suspended solid in the water bodies at the corresponding sampling areas 
were obtained from the data bank of the Environmental Protection Department, Hong 
Kong SAR Government. ANOVA was used, where appropriate, to test for significant 
difference in these parameters among sites and over time (sites and months as factors). 
Regression analysis was carried out to evaluate the relationship between egg size and 
egg density data with any of the parameters examined. All statistical analyses were 
run using the statistical program SPSS (Apache Software Foundation, USA). 
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3.3. Results 
3.3.1. Histological Studies of the Ovaries of Tetraclita japonica 
During the 14-month monitoring, the sampled ovaries were found to contain 
oocytes all year round. Unfortunately, the samples collected in November 2005 were 
accidentally damaged by the decalcifying agent during sample preparation. In May 
2006, due to bad weather condition, samples in Hoi Ha Wan were not collected. Data 
for these months / sites were therefore not available for analyses. 
Significant differences (Kruskal-Wallis Test, p < 0.01, n = 4150) in mean egg 
size among sites were detected (Figure 3.5). The mean (士SD) egg size from Green 
Island samples was the largest (70.50 士 12.49 |im) while the smallest mean egg 
diameter was observed in Hoi Ha Wan samples (57.57 士 18.86 [im). Besides, there 
was a general decreasing trend of the mean oocyte diameters across the study sites 
from west to east. Significant differences (Kruskal-Wallis Test, p < 0.01, n = 673, 729, 
676, 738, 680 and 654 for PC, GI, CB, HFE, TLC and HHW respectively) in monthly 
mean oocyte sizes were also detected in all sampling sites (Figure 3.6). The mean 
oocyte diameter was the largest during early summer time (May to July) in 2006 and 
then decreased afterwards in autumn and winter. Sizes of the eggs increased again 
from spring to summer (March to May) in 2007. Oocyte diameter was found not to be 
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related to the basal diameter of the shell of T. japonica (linear regression analysis, r^  = 
0.099,7? = 0.67, Figure 3.28). 
The mean (±SD) oocyte densities of T. japonica among study sites ranged from 
the lowest of 64.20 士 38.63 eggs per mm^ (Peng Chau) to the highest of 76.08 士 33.30 
eggs per mm^ (Green Island). Significant differences (Kruskal-Wallis Test, p < 0.01, n 
=1461) in mean egg densities among sites were detected (Figure 3.7) but no obvious 
trend of changes in egg densities between sites was observed. When comparing the 
densities temporally, fewer eggs per mm^ during early summer time (May to June) in 
2006 were recorded but the number of oocytes significantly increased (Kruskal-Wallis 
Test, p < 0.01) to peak value in subsequent two to three months (Figure 3.8). Mean 
egg densities decreased again until late winter to early spring period in some sampling 
sites (CB, HFE, TLC and HHW). Regression analysis showed that there was 
significant relationship between barnacle basal diameter and the oocyte density (p < 
0.001). However, the relationship was not strong as shown by the very low r^  value (r^  
=0.021) (Figure 3.9). This means that the oocyte density found in the ovaries was 
almost independent of the size of the barnacles. 
Seasonal changes observed in the female gonad revealed continuous 
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development of the ovaries throughout the year. The percentage of stage III ovaries 
with mature oocytes started to increase after March and reached the peak during June, 
July and August 2006 where the oocyte diameter also reached the maximum. During 
autumn and winter, percentage of stage III ovaries decreased while stages I and II 
ovaries became the majority. Such phenomenon continued until January and March 
2007 when percentage of stage I ovaries reached the peak (Figure 3.10). A greater 
percentage of ovaries was recorded to be in the most mature stage in wet season (May 
to September) than in dry season (November, January and March) in Green Island, 
Heng Fa Chuen and Hoi Ha Wan (one-way ANOVA, p < 0.05) (Table 3.2). In contrast, 
a greater percentage of stage I ovaries was observed in dry season in the samples from 
Peng Chau, Causeway Bay and Heng Fa Chuen (Kruskal-Wallis Test, p < 0.05) (Table 
3.3). 
3.3.2. Correlation of Water Quality with the Reproductive Biology of Tetraclita 
japonica 
Gradients were observed when comparing the water quality across the sampling 
sites from west to east. Substantial decreasing amount of suspended solids was 
recorded from Peng Chau to Hoi Ha Wan (Figure 3.11) while silica, nitrate nitrogen 
and ammonia nitrogen concentration increased from Peng Chau to Green Island to the 
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highest values and decreased gradually from Green Island to Hoi Ha Wan (Figures 
3.12, 3.14 and 3.15). Total phosphorus concentration was the highest in Causeway 
Bay and decreased gradually towards both the western and eastern shores. In addition, 
the phosphorus content was higher in the western than in the eastern shores (Figure 
3.13). For chlorophyll-a content, highest value was observed in Peng Chau while 
similar lower level of chlorophyll-a was measured in the remaining five sites (Figure 
3.16). 
The variation patterns of silica, nitrate nitrogen and ammonia nitrogen 
concentrations were similar to the trend of changes in the egg sizes of T. japonica in 
the six study sites. Green Island showed the highest values while Hoi Ha Wan got the 
lowest. Positive linear relationships were detected between suspended solid, silica, 
total phosphorus, nitrate nitrogen, ammonia nitrogen, chlorophyll-a contents and the 
oocyte size (Figures 3.17 to 3.22). However, only the relationships with silica, nitrate 
nitrogen and ammonia nitrogen concentrations were statistically significant {p < 0.05). 
Positive linear relations between oocyte density and silica, total phosphorus, 
nitrate nitrogen and ammonia nitrogen concentrations were also observed (Figures 
3.26 - 3.28) while negative relationships were observed with suspended solid and 
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chlorophyll-a concentrations (Figures 3.24 and 3.29). However, all these relationships 
were not statistically significant {p> 0.05). 
Monthly water temperatures in Heng Fa Chuen between 1998, August to 
December in 2005 and 2006 were compared. Statistically significant differences 
(Paired t-test, p<0.05) were observed. Elevated sea water temperature in most of the 
months in 2005 and 2006 (17°C - 28®C) was recorded when compared with those in 
1998 (16°C - 27�C) (Figure 3.31). 
3.4. Discussion 
The female gonad developmental pattern of T. japonica observed in the present 
study was different from that of the previous works (Cai & Huang 1986, Chan 1999). 
Egg masses were found throughout the whole year in the ovaries of T. japonica 
sampled. This is different from the results of Chan (1999) showing that no egg masses 
were found in January to May and in December 1998 at Heng Fa Chuen rocky shore. 
Chan (1999) suggested that the reproductive period of T. japonica in Hong Kong is 
probably triggered by the warming of water temperature during summer. This is 
critical in controlling gonad maturation. Indeed, reproduction is a temperature 
sensitive process. Warm-water or tropical barnacle species usually breed when the 
96 
Chapter 3 
Effect of Eutrophication on the Reproduction on Tetraclita japonica along the Victoria Harbour 
ambient water temperature exceeds the barrier temperature. Such temperature thus 
sets the limits to reproduction (Barnes 1989). The much warmer water temperature in 
2005 and 2006, when compared with that in 1998, maybe one of the reasons that egg 
masses were produced continuously throughout the whole year in 2005 and 2006. 
This may not be surprising given that global warming has enhanced the distribution 
range, survival and abundance of warm-water species in the past 70 years, e.g. the 
barnacle Chthamalus stellatus in the United States and United Kingdom (Thompson 
et al. 2002), likely as a result of positive effect of the reproduction of this species. 
Although egg masses were brooded throughout the whole year, the reproductive 
period of T. japonica examined in the present study did not seem to have extended. 
The percentage of mature (stage III) ovaries started to increase from January 2006 to 
the maximum in May, June or July 2006, while oogonia and immature oocytes (stage 
I and stage II ovaries) tended to develop starting in November. Moreover, the results 
also showed that the maximum mean sizes of oocytes were brooded in June and July 
2006. Elevated water temperature seemed to trigger the ovary of T. japonica to 
develop earlier than in previous years, e.g. in 1998, but the spawning period remained 
synchronized in the middle of summer in 2006 when the water temperature was the 
highest. Yan (2006) suggested that the male gonads of Chthamalus malayensis in 
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Hong Kong were reproductively functional throughout the year, thus the effective 
reproductive season was dependent upon the ripening of the ovary. In the present 
study, mature oocytes of T. japonica appeared all year round. Although the highest 
proportion of maturity was in summer, some small scale spawning may also occur in 
other periods. However, as the maturation period of male gonads is not known, how 
effective could these "out of season" spawnings be remains to be evaluated. 
Ultimately, it may depend on whether synchrony may be maintained in line with the 
spermatogenesis of this species. 
Being a suspension feeder, plankton abundance would affect the growth as well 
as reproduction of barnacles. It was reported that Balanus glandula produced more 
larvae at locations with higher primary productivity (Leslie et al 2005). However, the 
size of oocytes in T. japonica in the present study was found to be highly associated 
with variations of nutrients in the water, but not with the amount of suspended solids 
and chlorophyll-a. Silica, ammonia, nitrate and phosphate are the essential nutrients 
for phytoplankton growth. The recorded higher concentration of these nutrients in 
Peng Chau, Green Island and Causeway Bay waters could surely enhance the growth 
of phytoplankton in these three locations than in the eastern sampling sites. Moreover, 
such variations in the nutrient concentration, especially for silica, may also alter the 
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phytoplankton community structure. Many previous studies found that increased silica 
concentration in water would shift the phytoplankton community from being 
flagellate dominated to one that is diatom dominated as diatoms depend on the 
presence of silica for growth while flagellates do not (Egge & Aksnes 1992, 
Schollhom & Grandi 1996, Egge & Jacobsen 1997, Turner et al. 1998, Islam & 
Tanaka 2004). The dominance of diatoms in a plankton community is critical since 
diatoms are generally more beneficial to the filter feeders than the flagellates. Many 
of the latter are more toxic and inedible to zooplankton. Nutrients transferred from the 
diatoms to the consumers and biomass in the higher trophic levels can be increased 
through grazing (Schollhom & Gran紐 1996, Sigmon & Cahoon 1997). Researches 
also showed that diatoms are more efficient than the flagellates in organic carbon 
production through photosynthesis (Egge & Jacobsen 1997). There is evidence 
showing that fewer flagellate species with lower abundance are found in western 
water than in the eastern water in Hong Kong, while diatom abundance does not differ 
significantly (Dickman et al 2002). Such results may suggest that diatoms are 
dominating the phytoplankton community in Hong Kong western water. The high 
nutrient level, including dissolved silica in Peng Chau, Green Island and Causeway 
Bay water, may therefore support a diatom dominant community. More nutrients may 
be transferred to individuals of T. japonica to brood larger oocytes when they feed on 
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diatoms. Such findings can be used to reflect the water quality of different sampling 
areas to show that highly nutrient enriched or eutrophied areas support T. japonica to 
brood larger eggs (Peng Chau and Green Island) while the barnacles in the locations 
with better water quality (i.e. Hoi Ha Wan) have smaller oocytes in their ovaries. 
Oocyte density did not show any significant correlation with the water quality 
nor with the size of barnacle shells. However, the oocyte density estimated in the 
present study may not be truly representative as the parameters used in the calculation 
involved the number of eggs encountered and the area viewed under the microscope 
using image analysis, but not the total number of eggs found in the whole ovary. 
There maybe a possibility that the total number of eggs actually dropped, while the 
egg density remain unchanged. The number of eggs in each brood in Balanus 
amphitrite amphitrite was found to be reduced in both moderately and highly polluted 
areas (Barnes 1989). Significant relationships maybe observed from the regression 
analysis if total number of eggs in each brood was used or the oocyte density of the 
whole ovary was used instead of the estimated oocyte density. Such information, 
together with the findings on how water quality affects the oocyte diameter of T. 
japonica in the current study will be useful to reflect the ecological status of the water 
body under consideration. 
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3.5. Summary 
Spatial variations of oocyte diameter and density in T. japonica were found 
among samples from six sampling locations collected from August 2005 to May 2007. 
The largest mean oocytes were found in Green Island samples while the smallest were 
observed in Hoi Ha Wan samples. Oocyte density was also the highest in Green Island 
but was the lowest in Peng Chau samples. There was a decreasing trend of egg 
diameter across the sampling sites from west to east of Victoria Harbour. Such 
phenomenon was closely associated with the water quality variations of the sampling 
sites. The latter in turn, could have affected the structure of their plankton community. 
The effectiveness by which nutrient is transferred from the plankton as food to T. 
japonica may thus be affected. This was reflected in the significant difference in the 
sizes of the eggs these barnacles brooded at different sites. Although egg size of T. 
japonica was significantly correlated with water quality, such relationship was not 
found for oocyte density. The total number of eggs maybe a more accurate way to 
reflect the real brooding situation of the barnacles. It is suggested that this approach 
should be adapted in future studies of similar nature. The brooding activity of T. 
japonica in the present study was found to be active all year round. This is different 
from that observed in previous studies. The elevated water temperature due to global 
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warming maybe the main reason that triggered the barnacles to be reproductively 
mature even in winter. The spawning period however, was still confined within 
summer only. It is still not known if this species exhibits synchronized mass spawning. 
Other factors, e.g. maturation of the testes, may be important in maintaining this 
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Table 3.3 Results of Kruskal-Wallis test on differences in the percentage of stage I 
ovary found in T. japonica at the six sampling locations using season as factor. 
Abbreviations for sites as in Table 3.2. 
Percentage of Stage I Ovaries 
Kruskal-Wallis Test 
Site Factor Chi-Square df P 
PC Season 4.568 1 0.033 
GI Season 3.210 1 0.073 
CB Season 8.184 1 0.004 
HFE Season 7.046 1 0.008 
TLC Season 0.063 1 0.802 
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Figure 3.3 An individual T. japonica bearing egg masses as indicated by the red arrow. 
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Figure 3.4 The developmental stages of ovaries of T. japonica (cross section, Haematoxylin-eosin staining): A: Stage I: resting stage; B: 
Stage II: growing stage; C: Stage III: mature stage; D: Stage IV: spent stage ( 0 0 = oogonia, 10 = immature oocyte, MO = mature 
oocyte). Scale bars = 200 |im. See Table 3.1 for more detailed description of the histological appearances of each stage. 
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Figure 3.5 The range (grey boxes) and the mean (white dash lines) (土SD) oocyte 
diameter of T. japonica measured in the six selected rocky shores from August 2005 
to May 2007. Black dots represent the and percentiles. 
Kruskal-Wallis Test 
Site:受=335.575, df = 5，p < 0.001 
n = 4150 
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Figure 3.6 Temporal variations of mean (士 SD) oocyte diameter of T. japonica in the 
six sampling sites from August 2005 to May 2007. 
I l l 
Peng Chau 
Kruskal-Wallis Test 
Month: = 232.910 
df= 12, p< 0.001 
n = 673 
Green Island 
Kruskal-Wallis Test 
Month: x^  = 480.785, 




Month: x^  = 449.033 
df= 12, p< 0.001 
n=676 
Heng Fa Chuen 
Kruskal-Wallis Test 
Month: = 481.696, 
df= 12, p< 0.001 
n=738 
Tung Lung Chau 
Kruskal-W^lis Test 
Month: = 385.138, 
df= 12, p< 0.001 
n =680 
Hoi Ha Wan 
Kruskal-Wallis Test 
Month:义=550.375, 
clf= 11, p< 0.001 
n =654 
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Figure 3.7 The range (grey boxes) and the mean (white dash lines) (土SD) oocyte 
density of T.Japonica measured in the six selected rocky shores from August 2005 to 
May 2007. Black dots represent the 5出 and 95"^  percentiles. 
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Kruskal-Wallis Test 
Site:义2 = 25.073, df = 5, p < 0.001 
n = 1461 
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Figure 3.8 Temporal variations of mean (士 SD) oocyte density of T. japonica in the 




Month: x^  = 65.887 
df= 12，p< 0.001 
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Green Island 
Kruskal-Wallis Test 
Month: = 175.972, 




Month: x^  = 166.978, 
df= 12, p< 0.001 
Heng Fa Chuen 
Kruskal-Wallis Test 
Month: = 127.616 
df= 12, p< 0.001 -
Tung Lung Ch^u 
Kruskal-Wallis Test 
Month: 127.647, 
df= 12, p< 0.001 
Hoi Ha Wan 
Kruskal-Wallis Test 
Month: = 117.278, 
df= 11, p< 0.001 T 
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Figure 3.9 The relationship between egg density and the basal diameter of T. japonica. 
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Figure 3.10 The percentage (%) of the four developmental stages of oocytes found in 
the ovaries of T. japonica at the six study shores over time. 
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Figure 3.11 The range (grey boxes) and the mean (white dash lines) (土SD) levels of 
suspended solids measured in the six selected rocky shores from August 2005 to May 
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Figure 3.12 The range (grey boxes) and the mean (white dash lines) (土S D ) silica level 
measured in the six selected rocky shores from August 2005 to May 2007. Black dots 
represent the 5【卜 and 95^ " percentiles. Abbreviations for sites as in Table 3.2. :th 
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Figure 3.13 The range (grey boxes) and the mean (white dash lines) (土SD) total 
phosphorus level measured in the six selected rocky shores from August 2005 to May 
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Figure 3.14 The range (grey boxes) and the mean (white dash lines) (土SD) nitrate 
nitrogen level measured in the six selected rocky shores from August 2005 to May 
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Figure 3.15 The range (grey boxes) and the mean (white dash lines) (土SD) ammonia 
nitrogen level measured in 
2007. Black dots represent 
Table 3.2. 
the 
the 5 � and 95 
SIX 
-th 
selected rocky shores from August 2005 to May 
percentiles. Abbreviations for sites as in th 
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Figure 3.16 The range (grey boxes) and the mean (white dash lines) (土 SD) 
chlorophyll-a level measured in the six selected rocky shores from August 2005 to 
May 2007. Black dots represent the and percentiles. Abbreviations for sites as 
in Table 3.2. 
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Figure 3.17 The relationship between oocyte size of T. japonica and suspended solid 
level at the six sampling sites. 
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Figure 3.18 The relationship between oocyte size of T. japonica and silica level at the 
six sampling sites. 
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Figure 3.19 The relationship between oocyte size of T. japonica and the total 
phosphorus level at the six sampling sites. 
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Figure 3.20 The relationship between oocyte size of T. japonica and nitrate nitrogen 
level at the six sampling sites. 
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Figure 3.21 The relationship between oocyte size of T. japonica and ammonia 
nitrogen level at the six sampling sites. 
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Figure 3.22 The relationship between oocyte size of T. japonica and chlorophyll-a 
level at the six sampling sites. 
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Figure 3.23 The relationship between oocyte size and the basal diameter of T. 
japonica. Data from the six sampling sites are combined. 
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Figure 3.24 The relationship between oocyte density of T. japonica and suspended 
solid level at the six sampling sites. 
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Figure 3.25 The relationship between oocyte density of T. japonica and silica level at 
the six sampling sites. 
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Figure 3.26 The relationship between oocyte density of T. japonica and the total 
phosphorus level at the six sampling sites. 
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Figure 3.27 The relationship between oocyte density of T. japonica and the nitrate 
nitrogen level at the six sampling sites. 
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Figure 3.28 The relationship between oocyte density of T. japonica and the ammonia 
nitrogen level at the six sampling sites. 
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Figure 3.29 The relationship between oocyte density of T. japonica and chlorophyll-a 
level at the six sampling sites. 
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Paired Samples t-Test: 
1998 (Aug to Dec) vs 2005 (Aug to Dec): 
df = 4, p < 0.05 
1998 (Jan to Dec) vs 2006 (Jan to Dec): 
df = 11,p<0.05 
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Figure 3.31 Temporal variations of the water temperature measured at Heng Fa Chuen 
in 1998, 2005 (from August to December) and 2006. Source of data: EPD, Hong 
Kong SAR Government. 
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Chapter 4 : Population Dynamics of Tetraclita japonica 
4.1. Introduction 
The observed population structure of a species is the balance between the input 
and loss of individuals in the population (Begon et al. 1996). The sources of input to a 
population come mainly from immigration and birth while the loss is mainly due to 
death and emigration. When immigration and/or birth outweigh emigration and/or 
death, then the population size increases and vice versa. Understanding the population 
dynamics of a species can help to predict its future population trends, which is 
important to sustainable management of the species, especially if it is near extinction 
or is economically important (Michinton & Scheibling 1991). 
For sessile organisms, their population structure is mainly regulated by their birth 
or recruitment (input) and death (loss). There would be neither immigration nor 
emigration once they settled. Therefore, besides the effectiveness of reproduction, 
recruitment can also determine the structure of such a population. Adult barnacles are 
some of the most abundant marine sessile invertebrates. It was found in barnacles that 
too high a recruitment density would lead to decoupling of their recruitment and adult 
densities due to intense intra-specific competition (Carroll 1996). This would also 
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lead to a decrease in the egg masses produced (Hills & Thomason 2003). Other 
factors have been found to affect the success of barnacle recruitment, e.g. spatial and 
temporal variation in environmental parameters (Caffey 1985). The recruitment of 
Semihalanus halanoides on the Atlantic coast of Canada was dependent on substratum 
heterogeneity. More settlers were found in natural crevices rather than on adjacent 
horizontal surfaces (Chabot & Bourget 1988). In a manipulative experiment, the 
cypris larvae of Balanus amphitrite tended to attach to clean surfaces rather than to 
those already with bacterial biofilms (Maki et al 1988). In Nova Scotia, Canada, the 
settlement rate of Semihalanus halanoides was found to be correlated with the cyprid 
availability. The density of the recruits was also functionally positively related to the 
settler density (Michinton & Scheibling 1991). Recruitment of Tetraclita spp. in Hong 
Kong was limited by the high temperature in summer and the pressure from the 
molluscan grazers (Chan & Williams 2003). In Mexico, the occurrence of settlement 
pulses was found to be associated with the internal tidal bores which help to transport 
the larvae to nearshore environment for recruitment (Ladah et al. 2005). Recruitment 
success also relies on the level of post-settlement mortality. Similar to many other 
marine invertebrates, barnacles show a type III survivorship curve with high rate of 
mortality in the early stage of their life history. Post-settlement success thus plays an 
important role in determining their juvenile population structure (Hunt & Scheibling 
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1997) and is the focus of many studies in order to have a better understanding of its 
relationship with the environmental parameters (Connell 1985, Gosselin & Qian 1996, 
Hunt & Scheibling 1997, Delany et al. 2003, Chan & Williams 2004). 
At a larger spatial scale of tens of km, variations in barnacle population structure 
are usually a result of temporal and/or spatial differences of some of the physical 
parameters (Jenkins et al. 2001). For examples, thermal stress in summer can cause 
high mortality to both the adult and juvenile populations of Tetraclita japonica 
resulting in seasonal differences in its population structure (Chan et al. 2006). 
Furthermore, its population structures were observed to vary along a salinity gradient 
from west to east of Hong Kong water (Chan et al. 2001). Level of wave exposure 
may affect the growth and secondary production of barnacles as a result of differences 
in the primary production of plankton (Bertness et al 1991). Factors like flow rate 
and food supply rate also cause changes in their population structure (Sanford et al. 
1994). In a local scale, i.e. within the same locality, zonations of population structure 
could be observed at different tidal heights (Benedetti-Cecchi et al 2000). Crowding 
"Hummocking" may occur at the tidal level that favors the growth of a certain species. 
However, this also leads to skewing of the individual size within the population as a 
result of differential mortalities among size classes due to keen intra-specific 
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competition (Lopez & Gonz纪ez 2003). On the other hand, positive effects like 
increased tissue growth and individual size of barnacles maybe observed since those 
at the peaks of the hummocks may have the advantage of being exposed to higher 
particle fluxes for food (Bemtness et al. 1998). 
Being the major space occupier, barnacle populations can easily influence the 
whole community structure of the rocky intertidal area (Chan 1999). Knowledge of 
barnacle population dynamics is therefore important. In spite of this, however, studies 
on population dynamics of barnacles in Hong Kong are limited. Liu et al (1986) 
examined the distribution and population structure of Cirripid foulers, which included 
12 species of barnacles, in 32 locations of Hong Kong waters. They found that the 
same species may also show differences in its population dynamics in different 
habitats or in populations formed at different times. More recently, Chan (1999) 
evaluated size changes in the populations of Tetraclita japonica and T. squamosa at 
Middle Bay and Heng Fa Chuen in Hong Kong, the dominant species on mid-low 
intertidal area. Their population structures were found to be affected by the salinity 
gradient from the west to the east of Hong Kong waters. In addition, Chan et al (1986) 
made use of Tetraclita squamosa as pollution indicators in Hong Kong because of its 
ability to accumulate heavy metals from plankton. In view of other problems of 
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pollution like eutrophication either brought in by the Pearl River to the west of Hong 
Kong or from Hong Kong local communities (Wong & Tanner 1997, Lee et al. 2006), 
an evaluation of the population dynamics of Tetraclita species would be a useful 
approach to assess the water quality of a locality. It would be worthy to examine 
further how the populations of Tetraclita species respond to marine pollution 
problems. 
This chapter aims at comparing the spatial and temporal patterns of the 
population dynamics of the barnacle T, japonica found along the coastal areas in 
Victoria Harbour as a way to better understand how marine pollution could be 
affecting the structure of different barnacle populations. Tetraclita japonica was 
selected as the species of interest because of its wide distribution from the western to 
the eastern parts of Hong Kong waters. The size structure and the recruitment patterns 
of several populations of this species were examined. Similar to that in Chapter 3, 
these patterns were correlated with environmental parameters to investigate their 
effects on the population dynamics of T. japonica. 
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4.2. Materials and Methods 
4.2.1. Sampling Sites and Timing 
The population dynamics of Tetraclita japonica were studied for three years. 
Monthly monitoring was carried out from May to September and bi-monthly 
monitoring from November to March at the six selected locations: Peng Chau (PC) 
(22°17’3.10"N，114�2'52.11"E), Green Island (GI) (22°16'59.54"N, 114�6'43.28"E), 
Causeway Bay (CB) (22�17，5.15"N, 114�10’55.96"E)’ Heng Fa Chuen (HFE) 
(22°16'55.61"N, 114�14’13.07"E), Tung Lung Chau (TLC) (22�15’30.93"N, 
114�17,42.23"E) and Hoi Ha Wan (HHW) (22�28,42.83”N，114°19'22.65"E).. 
Detailed descriptions of these sampling sites are given in Chapters 2 and 3. Studies for 
Peng Chau, Green Island, Causeway Bay, Heng Fa Chuen and Tung Lung Chau were 
carried out from July 2004 to May 2007, while those in an additional site, Hoi Ha 
Wan, added as another control site for comparison, were carried out from August 2005 
to May 2007. 
4.2.2. Population Dynamic Studies of Tetraclita japonica 
Three random quadrats (50 X 50 cm) were laid separately on the upper (1.8m 
above Chart Datum (CD)) and lower shores (+1.2ni CD) of each study site during 
each field trip. Photos of each quadrat were taken using a digital camera (Sony Cyber-
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shot DSC-P150). The basal diameter of all individuals of T. japonica encountered 
within the photo quadrat was measured using the image analysis program Image-Pro 
Plus 5.0. (Media Cybernetics, Inc., USA). The density of T. japonica within each 
quadrat was also investigated seasonally in January, March, August and November by 
counting the number of individual barnacle within the same photo quadrats using 
Image-Pro Plus 5.0. 
4.2.3. Statistical Analysis 
4.2.3.1. Population Dynamics of Tetraclita japonica 
Histograms showing monthly population structures of Tetraclita japonica were 
generated for each site by grouping the size data (1mm interval) of individuals. These 
data were analysed using the program FAO-ICLARM Fish Stock Assessment Tools 
(FiSAT, ICLARM). Cohorts were separated by generating a regression model from 
the population data using Bhattachary's method. However, such method is insensitive 
to small and sparse pulses of recruitment so the mean size of those cohorts was 
determined by eye-fitting method from the population histograms. The growth 
patterns of each cohort in each site were plotted using their monthly mean basal 
diameter values and the merging of two cohorts was determined by eye-fitting. In 
addition, differences in the barnacles density in each site were analysed using the 
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Kruskal-Wallis Test while differences in the barnacle monthly growth rate and 
monthly basal diameter were analysed using ANOVA (sites as factor). Regression 
analysis was also conducted to test if any relationships could be detected between the 
barnacle density and its basal diameter. All statistical analyses were carried out using 
SPSS for Windows version 16.0 (Apache Software Foundation, USA). 
4.2.3.2. Relation between Water Quality and the Population Dynamics of 
Tetraclita japonica 
Regression analyses were carried out to investigate the relationships between the 
population dynamics of Tetraclita japonica, measured in terms of their monthly basal 
diameter and population density, with various water quality parameters. Monthly data 
of the concentration of total phosphorus, nitrate-nitrogen, ammonia-nitrogen and silica, 
salinity and suspended solid amount in the water bodies at the corresponding 
sampling area were obtained from the data bank of the Environmental Protection 
Department of the Hong Kong SAR Government. 
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4.3. Results 
4.3.1. Population Dynamic Studies of Tetraclita japonica 
4.3.1.1 Peng Chau 
The population of T. japonica in Peng Chau has the mean (士 SD) basal diameter 
size of 24.70 士 1.70 mm in August 2005 (Figures 4.1 and 4.2). A new cohort (Cohort 
04F) with the mean size of 16.74 士 3.53 mm appeared in March 2005. This cohort 
was probably recruited in 2004 but the exact time of recruitment was unknown. This 
cohort became indistinguishable from the main population in May 2006. An intense 
settlement event was recorded in August 2005 (Figure 4.1). A new cohort (cohort 05S) 
with the mean diameter of 2.16 士 0.97 mm appeared. This grew to about 18.42 士 1.71 
mm in May 2006 and merged with the main population in June 2006. At this same 
time, another intense settlement event occurred and cohort 06S (Figures 4.1 and 4.2) 
was observed with the mean size of 3.66 士 0.85 mm. This cohort continued to grow 
till the end of the study period (May 2007). In November 2006, a much lower density 
of new recruits was recorded (cohort 06F) with mean size of 4.05 士 1.20 mm. This 
cohort reached the size of 10.00 士 1.97 mm in March 2007 and in May 2007, merged 
with cohort 06S. 
Throughout the study period, the population structure of T. japonica in Peng 
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Chau was maintained with a bi-modal pattern except for the period from August 2005 
to March 2006 and from November 2006 to March 2007. In these two periods, a tri-
modal population structure was observed (Figure 4.1). 
4.3.1.2 Green Island 
The population of T. japonica in Green Island appeared in July 04 to be made up 
of two groups, the main population M and a smaller cohort 03F presumably recruited 
in the fall of 2003 (Figure 4.3). The mean size of this population was 24.60 士 0.97 
mm. A new cohort (cohort 04F) appeared in March 05 with a mean size of 14.33 土 
3.90 mm. There were missing data from Sept 04 to Jan 05 so this cohort was 
presumably recruited in the fall of 2004. This cohort merged with the main population 
in January 2006 (Figures 4.3 and 4.4). In 2005, there were two new cohorts observed 
(cohort 058 and cohort 05F) (Figures 4.3 and 4.4). Cohort OSS was recorded in July 
2005 but did not appear to grow well thereafter. Cohort 05 F was first observed in 
September 2005 with a mean size of 4.30 士 0.83 mm (Figure 4.3). It continued to 
grow to 21 士 2.58 mm in June 2006 and was subsequently merged with the rest of the 
population in the following month (Figures 4.3 and 4.4). Another settlement event was 
recorded in July 2006 (cohort 06S) and these barnacles had a mean size of 9.58 士 2.32 
mm. This cohort likely settled much earlier than July 2006 (maybe in May 2006) as 
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the mean size measured was too large for new settlers. These barnacles continued to 
grow to 20.70 士 5.28 mm in May 2007. New settlers (cohort 07F) appeared in January 
2007 with a mean basal diameter of 3.43 士 0.95 mm. This cohort, however, 
disappeared in the subsequent samplings. 
The population of T. japonica in Green Island showed mainly a bi-modal 
structure throughout the sampling period except in some months (from July 2005 to 
November 2005 and January 2007) where a tri-modal structure was observed (Figure 
4.3). 
4.3.1.3 Causeway Bay 
There was no obvious recruitment of new cohort of T. japonica at Causeway Bay 
from July 04 to May 05 (Figure 4.5). The mean (士 SD) basal diameter of the 
individuals within this period was 21.73 士 1.36 mm. A new cohort (cohort 04F) 
(Figures 4.5 and 4.6) appeared in Jun 05 with a mean size of 12.87 士 3.73 mm. Again, 
this cohort likely recruited much earlier as the recorded size was too big for new 
settlers. New settlers (cohort 05S) with the mean size of 5.05 士 1.20 mm were 
observed in August 2005 (Figures 4.5 and 4.6). This cohort reached a mean size of 
13.25 士 1.50 mm five months later (January 2006) but only a small number of them 
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likely survived subsequently to merge with the main population. A small number of 
new cohort (cohort 05F) with mean size of 10.05 士 1.20 mm was recorded in March 
2006. Judging from the size of these new settlers, they probably recruited earlier, 
maybe in late 2005 (Figure 4.5). Cohort 06S appeared in July 2006 with the mean size 
of 6.77 士 1.47 mm. This cohort subsequently merged with cohort 05F and grew to 
20.21 士 1.12 mm in March 2007, then merged with the main population in May 2007 
(Figure 4.6). There was another settlement event that occurred likely in late 2006 and 
was detected in January 2007 (cohort 07F). The mean size of these new settlers was 
9.55 土 of 2.46 mm (Figures 4.5 and 4.6). At the end of the study period (May 2007), 
they reached the size of 11.05 ± 1.20 mm. 
A mono-modal pattern of the population structure of T. japonica in Causeway 
Bay was observed from July 2004 to May 2005 while a tri-modal pattern appeared 
from August 2005 to September 2005, July 2006 to August 2006 and January to 
March 2007 (Figure 4.5). For the rest of the time, a bi-modal pattern was the norm. 
4.3.1.4 Heng Fa Chuen 
The population of T. japonica at Heng Fa Chuen exhibited a mean (士 SD) basal 
diameter of 21.70 士 2.61 mm from July 2004 to June 2005 (Figures 4.7 and 4.8). New 
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settlers appeared in July 2005 (cohort 058) with the mean size of 6.05 士 1.54 mm. 
These barnacles grew to 18.27 士 1.99 mm in January 2006 before merging with the 
main population in March 2006 (Figures 4.7 and 4.8). A new settlement event (cohort 
05F) was also observed in March 2006. Barnacles from this cohort grew from 5.54 士 
2.53 mm in size in March 2006 to 13.86 士 1.61 mm in March 2007. Another cohort 
appeared in June 2006 (cohort 06S) with a mean size of 4.05 士 1.70 mm. This cohort 
only survived for one month to a mean size of 4.14 士 1.48 mm in July 2006. In 
November 2006, a new cohort (cohort 06F) 4.91 士 1.24 mm in mean size was 
recorded (Figures 4.7 and 4.8). This cohort grew to merge with cohort 05F in May 
2007 (Figures 4.7 and 4.8). 
The population of T. japonica in Heng Fa Chuen maintained a mono-modal 
population structural pattern from July 2004 to June 2005 until the appearance of a 
new cohort in July 2005 (Figure 4.7). Thereafter, a bi-modal population structure 
persisted during the rest of the observation period, except from November 2006 to 
March 2007 when a tri-modal pattern developed (Figure 4.7). 
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4.3.1.5 Tung Lung Chau 
Tung Lung Chau showed two groups of T. japonica (main population vs. cohort 
04S) from the start of the observation period in July 2004 to May 2005 with a mean (士 
SD) basal diameter of 25.64 ±1.17 mm and 16.35 士 1.31 mm respectively (Figures 
4.9 and 4.10). The two groups merged in August 2005. In June 2005, new settlers 
(cohort 05S) were recorded with the mean size of 2.30 士 0.73 mm. These grew to 
18.11 士 1.93 mm in November 2005 and then merged with the main population in 
January 2006 (Figures 4.9 and 4.10). Another big settlement event occurred in that 
summer (August 2005) with the cohort of barnacles (cohort 05S2) having a mean size 
of 1.46 ± 0.67 mm. This cohort can still be traced at the end of the study period 
exhibiting a mean size of 21.13 士 2.22 mm (Figures 4.9 and 4.10). There were two 
other new but short lived cohorts (cohort 06S and cohort 06S2) observed in 2006. 
Cohort 06S appeared in June 2006 with a mean size of 3.56 士 1.28 mm and survived 
till August 2006 achieving a size of 9.05 士 1.70 mm, while cohort 06S2 appeared in 
September 2006 with a mean size of 5.57 士 2.89 mm but lived for only two months. 
In November 2006, its mean size was 10.24 士 2.97 mm (Figures 4.9 and 4.10). In 
January 2007, one small settlement event (cohort 06F) was also recorded with the 
barnacles having a mean size of 6.05 士 1.90 mm. Until the end of this study in May 
2007, cohort 06F could still be traced and reached the size of 15.11 土 1.70 mm 
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(Figures 4.9 and 4.10). 
The population of T. japonica in Tung Lung Chau showed mainly a tri-modal 
structural pattern throughout the study period except from July 2004 to May 2005 and 
from January 2006 to May 2006 when a bi-modal pattern was observed (Figure 4.9). 
4.3.1.6 Hoi Ha Wan 
The main population of T. japonica in Hoi Ha Wan exhibited a mean (士 SD) 
basal diameter of 23.76 士 1.17 mm at the start of the study in August 2005. A cohort 
05F was recruited in January 2006 with the mean size of 5.65 士 2.02 mm. Another 
cohort (cohort 06F) appeared in January 2007 and grew to merge with cohort 05F and 
the rest of the population towards the end of this study in May 2007 (Figures 4.11 and 
4.12). Due to bad weather conditions in September 2005 and May 2006, field trips 
could not be conducted so the data were missed for this site. A huge increase in the 
barnacle density was observed during June and July 2006 (1953 土 1989.59 individuals 
/ m and 1934.67 士 2106.21 individuals / m respectively) (Figure 4.16). However, 
this may represent recruits that entered the population earlier rather than new recruits 
for these two months (Figure 4.12) 
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The population structure of T. japonica at Hoi Ha Wan was quite different from 
those of the other study sites. A bi-modal structure was maintained throughout most of 
the study period after a new cohort appeared in January 2006 (cohort 05 F) (Figure 
4.11). In January 2007, a tri-modal structure appeared for a short time because of the 
settlement of another new cohort (cohort 06F) (Figure 4.11). 
4.3.1.7 Summary of all six sites 
In order to make the data comparable, data for the six sites were compared only 
for the period from August 2005 to May 2007. Within this period, the total number of 
cohorts recorded at the six study sites ranged from two (Hoi Ha Wan) to four 
(Causeway Bay and Tung Lung Chau), while Peng Chau, Green Island and Heng Fa 
Chuen had three cohorts (Table 4.1). The mean (土 SD) growth rate of the cohorts at 
Hoi Ha Wan was the lowest (0.62 士 0.00 mm/month) and the highest was found at 
Tung Lung Chau (2.15 土 0.42 mm/month). The mean growth rates of the cohorts at 
Peng Chau, Green Island, Causeway Bay and Heng Fa Chuen were 1.53 土 0.40 
mm/month, 1.48 士 0.53 mm/month, 1.69 土 0.49 mm/month and 0.85 土 0.55 
mm/month respectively (Table 4.1). However, there were no significant differences in 
the growth rates of these cohorts from different rocky shores (one-way ANOVA, df = 
5,p = 0.95, Figure 4.13). 
152 
Chapter 4 
Population Dynamics of Tetrad it a japonica 
On the other hand, there were significant differences in the mean basal diameter 
of T. japonica at the six study locations (one-way ANOVA, df = 5, = 0.003, Figure 
4.15). The mean basal diameter was the smallest at Hoi Ha Wan (14.99 士 7.03 mm) 
and the largest at Causeway Bay (22.47 士 4.69 mm). The mean basal diameters of the 
barnacles found at Peng Chau, Green Island, Heng Fa Chuen and Tung Lung Chau 
were 18.89 ± 9.38 mm, 22.32 士 6.90 mm, 20.94 土 7.40 mm and 20.90 士 9.62 mm 
respectively (Figure 4.14). Besides, significant spatial differences in barnacle density 
at the six selected shores were also observed (Figure 4.16, Kruskal-Wallis Test, df = 5, 
p < 0.001). In contrast to the mean basal diameter, Hoi Ha Wan recorded the highest 
value of mean (土 SD) barnacle density (605.11 士 428.75 individuals / m^) while the 
lowest density was found at Peng Chau (82.46 士 26.23 individuals / m^), the second 
lowest density was found at Tung Lung Chau (98.70 士 98.77 individuals / m^). The 
densities at Green Island, Causeway Bay and Heng Fa Chuen were 198.80 士 94.15 
individuals / m2, 173.41 士 78.67 individuals / m? and 315.48 土 118.86 individuals / m^ 
respectively. Regression analysis showed that there was a significant relationship 
between the spatial monthly mean barnacle basal diameter and density (r^ = 0.214，;？ < 
0.0001, Figure 4.17). 
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4.3.2. Relationship between Water Quality and the Population Structures of 
Tetraclita japonica 
Regression analyses were carried out between the mean monthly spatial barnacle 
basal diameter and the mean monthly spatial water quality data (suspended solids 
content, silica content, total phosphorus content, nitrate nitrogen content, ammonia 
nitrogen content, chlorophyll-a content and salinity). The basal diameter and the 
population density were found to be significantly related {p < 0.01) to suspended 
solids level exponentially and curve linearly respectively (Figures 4.18 and 4.25). In 
addition, while no significant linear relationships were found between the basal 
diameter of T. japonica and the rest water quality parameters {p > 0.05) (Figures 4.19 
to 4.24). For the population density, it was curve linearly (Figure 4.29) correlated with 
the ammonia nitrogen level {p < 0.0001), but not with the other water quality 
parameters (Figure 4.26 to 4.28). 
4.4. Discussion 
Temporal and spatial variations in the population dynamics of T. japonica were 
observed in the study sites. Several settlement events occurred during the summer to 
fall periods in both 2005 and 2006 at the selected locations, albeit with different 
intensities. This was similar to that reported in previous study by Chan (1999). The 
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situation was, however, a bit different in Hoi Ha Wan, where new settlers were 
observed in the winter period in 2006 and thus, the number of cohorts that entered the 
population was also less than those in the other sites. The increased population density 
in June and July 2006 suggested that there should be new settlers that entered the 
populations in Hoi Ha Wan, but these "new comers" were too large to be defined as 
new recruits (most of them were larger than 7mm in their basal diameter, Figure 4.11). 
If assuming that recruitment is a very localized event, then it is unlikely that 
difference in the population dynamics of T. japonica at Hoi Ha Wan was due to its 
reproductive period being different from those at the other sites as the development of 
oocytes of T. japonica reached the maximum mean sizes in May, June or July 2006 in 
all the sampling sites (see Chapter 3). Therefore, it is more likely that summer 
recruitment events of T. japonica in Hoi Ha Wan also occurred in 2006, maybe in May, 
when the data were missed. Small, isolated settlement events were also observed in 
December or January 2006 and 2007 at some of the study sites where T. japonica was 
not reproductively active during that same period of time. Since the developmental 
time of T. japonica nauplius I to cypris at 20°C took about 14 days (Chan 1999), it is 
unlikely that these larvae will stay in the water column for a long time after their 
release in summer, for them to recruit into the population during winter. Similar result 
was also observed by Chan (1999) and he suggested that these settlers may have come 
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from other populations elsewhere that have different reproductive seasonality than 
those from Hong Kong. Nevertheless, such speculation needs to be verified by the 
population genetics data of T. japonica in Hong Kong. 
The spatial variations of the basal diameter of T. japonica between the six study 
locations were not significantly linearly related with the water quality around the sites. 
Only suspended solids level was exponentially correlated with barnacle size. Smaller 
barnacles, up to around 20 mm, may be more dependent on these nutrients or food to 
attain rapid growth. The growth of barnacle shells primarily depends upon the 
ambient concentration of calcium and hydrogen carbonate as calcium carbonate is the 
main component of the shell (Barnes 1956, Wilbur & Saleuddin 1983). Some other 
materials are also found in barnacle shells, however, they are usually the trace and 
minor metal ions and not the nutrients available in the water. Hence, barnacle shells 
can be used in the bio-monitoring of heavy metals (Pilkey & Harriss 1966, Bourget 
1974，Watson et al 1995) though phosphate and nitrate have also been found to co-
precipitate with calcium carbonate shell material of the barnacle Balanus amphitrite 
(Geraci et al. 2008). It is suggested that harvesting the barnacles would not be 
effective in removing nitrate or phosphate from the water since the relative 
proportions of calcium carbonate to these nutrients was too low (Geraci et al. 2008). 
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The results of the current study also suggested that the population density of Tetraclita 
japonica in Hong Kong was not strongly linearly related with the water quality in the 
sampling sites. Some of these relationships, however, appear exponential or 
curvilinear (e.g. levels of suspended solids and ammonia-nitrogen). Too high 
suspended solids level seemed unfavorable for its settlement, which may in turn cause 
suffocation or hamper the feeding activity to these new settlers. 
The significantly higher barnacle density at Hoi Ha Wan may explain the smaller 
sizes of these barnacles. The density-dependent effect on the growth of barnacles has 
been studied many times. When the settlement density is high, there would be 
increased intraspecific competition for space and food resources. Barnacles grew 
better in size when the settlement density was lower (Bertness 1989, Bertness et al. 
1998, Leslie 2005). Though there was no evidence to show that the barnacles in the 
other five sites grew better than those in Hoi Ha Wan, the negative relationship 
between barnacle basal diameter and density observed in the current study suggested 
that the basal diameter of T. japonica is density-dependent, and could be one of the 
reasons why the denser T. japonica population in Hoi Ha Wan was smaller. In Chapter 
3, the oocyte size of T. japonica at Hoi Ha Wan was also found to be significantly 
smaller than those from the other sites. This pattern was significantly correlated with 
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some of the nutrients (silica, ammonia nitrogen and nitrate nitrogen) in the water. The 
variations in the barnacle size at the six study locations may also be another reason to 
explain these differences in the oocyte size as there was a positive relationship 
between these two parameters. Thus the smaller samples taken from Hoi Ha Wan 
carried oocytes with smaller size. 
The results shown in this chapter were derived from random samples of the 
population dynamics of T. japonica. Some information like the growth rate of a 
certain cohort, changes in its density over time, life span and the maximum basal 
diameter attained could not be investigated in greater details. Permanent quadrats 
need to be set up to follow the fate of individual barnacles in order to obtain the 
additional information mentioned above. Such data can be compared with previous 
study by Chan in 1999, since Heng Fa Chuen was the common study area for both 
studies, and changes of the population structure of this species can then be more 
clearly investigated. These can also provide a more comprehensive picture of the 
population dynamics of the barnacles, and a more conclusive result about the 
relationship between eutrophication and pollution problems and the population 
dynamics of this species in Hong Kong. 
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4.5. Summary 
Spatial and temporal variations of the population structure of Tetrad ita japonica 
were observed at the six selected rocky shores in Hong Kong. The settlement time of 
this species was recorded right after the reproductive period (early or middle summer 
time) as indicated by the histological studies. Besides, new settlers were also observed 
during mid winter at Hoi Ha Wan, Green Island, Causeway Bay and Tung Lung Chau 
when this species was not reproductively active. This suggested that these recruits 
might have come from populations outside of Hong Kong with temporal variation in 
their reproductive output. The basal diameter and the population density of this 
species also varied spatially. It was found that such variation was not linearly related 
with the nutrients in the water nor with other water quality parameters. Some 
curvilinear or exponential relationships among them, were detected, suspended solids 
level was found to be associated with the variations in growth and settlement of this 
species. The basal diameter of this species was found to be negatively related with its 
population density, typified by the population at Hoi Ha Wan which was more dense, 
hence smaller in size. Additional, more detailed information on the population 
dynamics of T. japonica, obtainable only by setting up permanent quadrats, would be 
needed to provide more conclusive evidence about the effect of eutrophication on the 













































































































































































































































































































































































































































Size Class I mm Size Class / mm 
161 
Chapter 4 




丨 M 丨 





l i o l l ⑶ I n c f o d
 9Lji 
Chapter 4 
















05S 04F M 




M + 04F 
.fflTfiVp, 
J u n - 0 6 
M + 04F + 05S 
Size Class / mm 
3 O O C 
Size Class I mm 
162 
J o ! i
 ⑶




 0 /。 
Size Class / mm 
o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o 
Size Class I mm 
Figure 4.1 Changes in the population structure of T. japonica at Peng Chau from July 
2004 to May 2007 showing cohort development (M = Main Population, 04F = 2004 
fall, 05S = 2005 summer, 06S = 2006 summer, 06F = 2006 fall cohorts). 
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Figure 4.2 Growth pattern of different cohorts of T. japonica at Peng Chau showing 
changes in the mean (士 SD) basal diameters of each cohort. Thickened dashed lines 
represent cohorts merging and becoming indistinguishable from the main population 
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Figure 4.3 Changes in the population structure of T. japonica at Green Island from 
July 2004 to May 2007 showing cohort development (M = Main Population, 03F = 
2003 fall, 04F = 2004 fall, OSS = 2005 summer, 05F = 2005 fall, 06S = 2006 summer, 
07F = 2007 fall cohorts). 
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Figure 4.4 Growth pattern of different cohorts of T. japonica at Green Island showing 
changes in the mean (士 SD) basal diameters of each cohort. Thickened dashed lines 
represent cohorts merging and becoming indistinguishable from the main population 
(M) (03F = 2003 fall, 04F = 2004 fall, 05S = 2005 summer, 05F = 2005 fall, 06S = 
2006 summer, 07F = 2007 fall cohorts). 
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Figure 4.5 Changes in the population structure of T. japonica at Causeway Bay from 
July 2004 to May 2007 showing cohort development (M = Main Population, 04F = 
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Figure 4.6 Growth pattern of different cohorts of T. japonica at Causeway Bay 
showing changes in the mean (士 SD) basal diameters of each cohort. Thickened 
dashed lines represent cohorts merging and becoming indistinguishable from the main 
population (M) (04F = 2004 fall, 058 = 2005 summer, 05F = 2005 fall, 06S = 2006 
summer, 07F = 2007 fall cohorts). 
172 
Chapter 4 













 ① E e ! a
 l e s e g
 u e 9 | / \ | 
Chapter 4 
Population Dynamics of Tetraclita japonica 
J u l � 4 
M 
T T T X i t r 




N O V r 0 4 
M 
» o o o o o o o o o o o o o o o o o o o o o o o o o 
Size Class / mm 
J a n -
No Data 









J o ! i
 ⑶
 I n G f o c r
 ①
 L|i
 i c T O / 。 
Chapter 4 
Population Dynamics of Tetraclita japonica 
M 
OSS 
r r W M k 
M a r - 0 6 
05F 
L q -
M + 05S 
taw.,, 
Ma^ oe 
M + 05S 
05F 
iiixt^, 
J u n ‘ 0 6 
05F M + 05S 
3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Size Class / mm Size Class I mm 
174 
i i o ! i
 工




 0 /。 
Size Class / mm 
Size Class I mm 
Figure 4.7 Changes in the population structure of T. japonica at Heng Fa Chuen from 
July 2004 to May 2007 showing cohort development (M = Main Population, 05S = 
2005 summer, 05F = 2005 fall, 06S = 2006 summer, 06F = 2006 fall cohorts). 
175 
05F 1 M + 05S 
DL. 
05F f. 
M + 05S 
Nov—06 





V1 + 05S 
M 十 05S 
Chapter 4 












u o l l e l n d o d
 ①io
 % 
Time / Month 
Figure 4.8 Growth pattern of different cohorts of T. japonica at Heng Fa Chuen 
showing changes in the mean (± SD) basal diameters of each cohort. Thickened 
dashed lines represent cohorts merging and becoming indistinguishable from the main 
population (M) (05S = 2005 summer, 05F 二 2005 fall, 06S = 2006 summer, 06F = 
2006 fall cohorts). 
176 
Chapter 4 












 J ① J 9 E e ! a
 l e s e m












Population Dynamics of Tetraclita japonica 
M 
m 04S 
J l l i 
M 




Size Class / mm 
Ji in‘06 
M + 04S + 05S 
05S2 
Size Class / mm 
178 
Chapter 4 
Population Dynamics of Tetraclita japonica 
J a t v o e 
05S2: M + 04S + 05S 









M + G4S + 
OSS 
05S2j 
MljtoUL I k 
Novioe 
M + 04S + 
058 
3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Size Class / mm 
Size Class / mm 
Figure 4.9 Changes in the population structure of T. japonica at Tung Lung Chau from 
July 2004 to May 2007 showing cohort development (M = Main Population, 04S = 
2004 summer, 058 = 2005 summer, 05S2 = 2005 summer(2), 06S = 2006 summer, 
06S2 = 2006 summer(2), 06F = 2006 fall cohorts). 
179 
Chapter 4 
Population Dynamics of Tetrad it a japonica 
Jul-06 
M + 04S + 
05S 
06S 丨 05S2 
• •^ t^ f^ t^ V：*"^ .丁.. Tfi.. .Mini 
I I I I I I T I T I I I I I I I I I I I I I 1 
u o j l b l n d o c T ① L | i
 p
 % 
Time / Month 
Figure 4.10 Growth pattern of different cohorts of T. japonica at Tung Lung Chau 
showing changes in the mean (士 SD) basal diameters of each cohort. Thickened 
dashed lines represent cohorts merging and becoming indistinguishable from the main 
population (M) (04S = 2004 summer, 058 = 2005 summer, 05S2 = 2005 summer(2), 
06S = 2006 summer, 06S2 = 2006 summer(2), 06F = 2006 fall cohorts). 
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Figure 4.11 Changes in the population structure of T. japonica at Hoi Ha Wan from 
August 2005 to May 2007 showing cohort development (M = Main Population, 05F = 
2005 fall, 06F = 2006 fall cohorts). 
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Figure 4.12 Growth pattern of different cohorts of T. japonica at Hoi Ha Wan showing 
changes in the mean (士 SD) basal diameters of each cohort. Thickened dashed lines 
represent cohorts merging and becoming indistinguishable from the main population 
(M) (05F = 2005 fall, 06F = 2006 fall cohorts). 
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Figure 4.13 Monthly growth rate of T.japonica from August 2005 to May 2007 at the 
six selected rocky shores. 
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Figure 4.14 Range and the mean (white dash lines) (土 SD) basal diameter of all 
individuals of T.japonica measured in the six selected rocky shores from August 2005 
to May 2007. Black dots represent the and 95出 percentiles. 
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Figure 4.15 Monthly changes in the mean (士 SD) basal diameter of T. japonica from 
August 2005 to May 2007 at the six selected rocky shores. 
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Figure 4.16 Monthly changes in the mean (士 SD) population density of all individuals 
of T. japonica from August 2005 to May 2007 at A: Peng Chau, Green Island, 
Causeway Bay, Heng Fa Chuen and Tung Lung Chau; B: Hoi Ha Wan. 
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Figure 4.17 The relationship between the basal diameter and population density of T. 
japonica at the six sampling sites. 
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Figure 4.18 The relationship between the basal diameter of T. japonica and levels of 
suspended solids at the six sampling sites. 
189 
Chapter 4 









 / 」 9 1 9 l u B ! a
 I B W B g
 UB① 
Chapter 4 




1^  = 0.011 
p = 0.35 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 
Silica / mg/L 
Figure 4.19 The relationship between the basal diameter of T. japonica and silica level 
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Figure 4.20 The relationship between the basal diameter of T. japonica and total 
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Figure 4.21 The relationship between the basal diameter of T. japonica and nitrate 
nitrogen level at the six sampling sites. 
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Figure 4.22 The relationship between the basal diameter of T. japonica and ammonia 
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Figure 4.23 The relationship between the basal diameter of T. japonica and 
chlorophyll-a level at the six sampling sites. 
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Figure 4.24 The relationship between the basal diameter of T. japonica and salinity at 
the six sampling sites. 
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Figure 4.25 The relationship between population density of T. japonica and the levels 





, U J / l e n p ! > ! I D U I
 /
 > l ! s u 9 a
 c e e l A I 
Chapter 4 
Population Dynamics of Tetraclita japonica 
2000 
y= 12.499X +285.592 
r^  = 0.000 
p = 0.88 
0.0 0.5 •0 1.5 2.0 
Silica / mg/L 
2.5 3.0 
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Figure 4.27 The relationship between population density of T. japonica and total 
phosphorus level at the six sampling sites. 
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Figure 4.28 The relationship between population density of T. japonica and nitrate 
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Figure 4.29 The relationship between population density of T. japonica and ammonia 
nitrogen level at the six sampling sites. 
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Figure 4.30 The relationship between population density of T. japonica and 












 > l ! s u 9 a 
Chapter 4 
Population Dynamics of Tetraclita japonica 
2000 
-13.312X + 7 0 8 . 2 3 4 
1^  = 0.01 
p = 0.39 
22 24 26 28 30 32 34 36 
Salinity / psu 
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Chapter 5 : Summary and Perspectives 
As a transition between the terrestrial and the marine environment, many 
organisms inhabit and/or feed in the rocky intertidal shore. It is thus possible to find a 
high biodiversity of organisms in rocky shores and many of these species are 
ecologically and/or economically important. However, rocky intertidal communities 
are easily altered by disturbances, especially by human, in the many forms of marine 
pollution. The recovery processes would be very long even though abatement actions 
have been carried out. A similar situation is happening in Hong Kong, in particular 
along the rocky shores of Victoria Harbour. The Hong Kong Government has 
implemented the Harbour Area Treatment Scheme (HATS) to reduce marine pollution 
in this Harbour. The responses of the rocky shores, however, were very slow. 
In the present study, biological monitoring was conducted on seven rocky 
intertidal areas along the Victoria Harbour, namely Peng Chau, Green Island, 
Causeway Bay, Hoi Xum Park, Heng Fa Chuen, Tung Lung Chau and Hoi Ha Wan, in 
order to investigate how pollution abatement would have affected these rocky shores. 
This information is important to our understanding of recovery and dynamics in these 
rocky intertidal communities. 
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The present study showed that there were spatial variations in both the species 
diversity and community structures of these six rocky shores along the pollution 
gradient in Victoria Harbour. Hoi Xum Park community assemblage was totally 
different from that of the other five sites and exhibited the lowest diversity index (H,). 
The barnacle Balanus amphitrite and the cyabobacteria Chwococcus sp. were the 
main differentiating species for this spatial variation. Except Hoi Xum Park, a 
decreasing similarity of the community assemblages was observed from west to east 
along the Victoria Harbour, with Tung Lung Chau in the east being least similar with 
Peng Chau in the west. The community structural differences between sites were 
related to the gradients of total phosphorus level along the six rocky shores. There 
were no observable temporal changes of the community structures and the species 
diversity of the sampled shores in general. Recovery was very slow in most of the 
sampling sites after the cessation of pollution input into the Victoria Harbour. A weak 
sign of recovery was recorded in Tung Lung Chau, as increase in the relative 
abundance of the brown pseudo-perennial algae Sargassum hemiphyllum and decrease 
in the grazer numbers were observed, suggesting that the water quality in this site was 
improving, and was better than those in the other sites. The location of this site and 
the direction of seasonal water currents could have contributed to the signs of 
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recovery observed. 
Other than the responses of the whole rocky intertidal community structure, 
responses of different individual species are critical too. Their physiological or 
ecological changes may indicate the status of the water quality of their habitat. The 
locally common barnacle Tetrad it a japonica was used as an indicator for this purpose, 
its population dynamics and reproductive biology were examined. 
Spatial variations of oocyte diameter and density in T. japonica were found 
among samples from five sampling locations (except Hoi Xum Park) in Victoria 
Harbour, plus one additional site in Hoi Ha Wan outside the Victoria Harbour as a 
control. Samples from Green Island brooded the largest oocytes and the highest 
density of oocytes. While the smallest oocytes were brooded in Hoi Ha Wan samples. 
There was a decreasing trend of egg diameter across the sampling sites from west to 
east of Victoria Harbour. Such phenomenon was closely associated with the water 
quality variations of the sampling sites. Higher silica level in the western waters in 
turn, could have affected the structure of their plankton community. The effectiveness 
by which nutrient is transferred from the plankton as food to T. japonica may thus be 
affected, causing the difference in the sizes of the eggs these barnacles brooded at 
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different sites. However, such relationship was not found for oocyte density. The total 
number of eggs maybe a more accurate way to reflect the real brooding situation of 
the barnacles. The brooding activity of T. japonica was also found to be active all year 
round, in contrast to what was found in the 1980’s. This maybe caused by the elevated 
water temperature due to global warming. Reproductive development of oocytes as a 
temperature sensitive activity therefore, maybe triggered even in winter. The 
spawning period however, remained confined within summer only. Other factors, e.g. 
maturation of the testes, may be important in maintaining the synchronized mass 
spawning of this species. This hypothesis, however, needs to be further verified. 
The population structure of T. japonica varied between the six selected rocky 
shores in Hong Kong. Mass settlement event was recorded right after the reproductive 
period (early or middle summer time). Besides, new settlers were also observed 
during mid winter at Hoi Ha Wan, Green Island, Causeway Bay and Tung Lung Chau 
when this species was not reproductively active. These recruits may have originated 
from populations outside of Hong Kong with temporal variation in their reproductive 
output. The basal diameter and the population density of this species also varied 
spatially. It was found that such variation was not linearly related with the nutrients in 
the water nor with other water quality parameters. Some curvilinear or exponential 
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relationships were detected. Among them, level of suspended solids was found to be 
associated with variations in growth and settlement of this species, which maybe a 
food source of barnacles. Apparent density-dependent effect was also shown in the 
present study. Negative relationship was observed between the population density and 
the mean basal diameter of the barnacles, typified by the population at Hoi Ha Wan 
which exhibited a higher density, hence, was smaller in size. Additional, more detailed 
information on the population dynamics of T. japonica, obtainable only by setting up 
permanent quadrats, would be needed to provide more conclusive evidence about the 
effect of eutrophication on the population dynamics of T. japonica. 
The present study examined the responses of the rocky intertidal communities 
along the Victoria Harbour after pollution abatement. Generally, spatial variations of 
these responses were more obvious than that of temporal variations, for both the 
community structural changes and the reproductive and recruitment dynamics of T. 
japonica, the indicator species. Meanwhile, the purpose of using community 
structural variations to differentiate water body status has been achieved. However, 
the recovery process of the selected rocky shores was not obvious. A longer duration 
of monitoring should be conducted as recovery from pollution impact in nature is a 
long term process. 
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The knowledge obtained in the present study could provide the baseline 
information for future studies. While on one hand, the pollution abatement actions are 
still continuing and the new stage of HATS will be implemented in Victoria Harbour 
soon. On the other hand, whether recovery would really happen in these rocky shores 
is still unknown. Besides, what constitutes a recovered ecosystem for these rocky 
shores remains to be identified. A greater diversity of marine organisms does not 
always mean a better ecosystem. There was also no record of what these rocky shores 
were like in the not too distant past. Further monitoring would at least help to confirm 
if the ecosystem of the rocky shores in Victoria Harbour has reached a certain 
equilibrium and that no further change nor "recovery" is likely to occur. It would also 
be useful in providing insights on the mechanism involved in any change to be 
detected. Studies on the reproductive behaviors of T. japonica can also be useful as 
indicator of water quality. More detailed analyses and understanding of the population 
dynamics of T. japonica as suggested above, would certainly contribute further to this 
ultimate purpose of using this species as an indicator of water quality. 
Nonetheless, information and insights gained from this thesis research could 
hopefully be applied to other regions where abatement of pollution impact is being 
implemented and recovery of polluted areas being monitored. Furthermore, in many 
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places around the world where rapid urban development is currently taking place, 
Hong Kong experience may be extraordinarily precious. A good developmental plan 
incorporating conservation strategies would certainly be a much better approach 
before pollution problems become too costly. Any pollution abatement action cannot 
ensure the recovery of the ecosystems, as many disturbances from pollution impacts 
are likely to be irreversible and the pristine condition of the original, natural habitat 
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